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ABSTRACT
Temperature variation is an inevitable environmental loading type that affects bridges.
Considering temperature effects during structural design is deemed essential for short, medium,
and long span bridges. Temperature loading can be categorized into three components; uniform
temperature, vertical temperature gradient, and transverse temperature gradient. Temperature
variation causes additional movements, stresses, and internal forces that should be considered in
the design of bridges. In this study, the temperature effects of vertical and transverse temperature
gradients are investigated for continuous prestressed concrete bridges.
Thermal restraint moments induced by vertical temperature gradients on prestrssed concrete
bridges are investigated by performing three-dimensional (3D) finite element (FE) analyses.
Simplified formulas are proposed to estimate the thermally induced moment for design purposes.
Parameters affecting the thermally induced moment are explored by conducting a parametric study
including several bridge attributes.
Transient heat transfer analysis for a continuous prestressed concrete bridge case study; John
James Audubon Bridge Segment #2, is carried out for two different days representing summer and
winter seasons using TAITherm software to quantify the transverse temperature gradient. Results
from the heat transfer analyses are validated using field temperature measurements. The local
effect of the validated global temperature distribution on the bridge case-study components;
girders and bearings, are explored. Thermally induced moments as well as shear stresses at
supporting bearing pads are estimated based on 3D FE modelling for the bridge case study.
The current AASHTO Bridge Design Specifications is based on considering uncertainties
inherent in the structural design process by proposing load and resistance factors. In this study,
xi

statistical uncertainties for vertical temperature gradient related to solar radiation Zone 2 are
quantified using field data for John James Audubon Bridge. The probability distribution function
for vertical temperature gradient is established. The best-fit probability distribution type for largest
extreme value is investigated and extrapolated over 75-year return period. The statistical
parameters for extrapolated largest extreme value are introduced. Furthermore, load factor for
vertical temperature gradient is recalibrated for Service III limit state. First order reliability
method, FORM, is used for recalibrating load factor for vertical temperature gradient based on
available data for solar radiation Zone 2.

xii

CHAPTER 1. INTRODUCTION
Diurnal and seasonal temperature variations affect bridge girders by imposing a secondary
environmental load; thermal load. It can be categorized into three components, 1) uniform
temperature, 2) vertical temperature gradient, and 3) transverse temperature gradient. Uniform
temperature, 𝑇𝑈 , is the temperature change of the entire bridge superstructure by the same amount.
Regarding vertical temperature gradient, TG, it is the temperature difference throughout the girder
depth. It occurs when the bridge deck absorbs heat, due to solar radiation, more than the bottom
parts of bridge girders that are typically shaded by the bridge deck. While, the transverse
temperature gradient occurs due to temperature difference between two locations at the same level.
Bridges are subjected to transverse temperature changes when one vertical surface of a bridge
absorbs more heat than the other side, due to its orientation with respect to solar radiation.
Generally, temperature variations affect the local and global bridge behavior. Locally, temperature
variations develop additional axial stress and moment at bridge girders and shear forces at
bearings. Cracking of bridge deck is expected due to temperature variations. In terms of global
effects, temperature variations cause elongation, or shrinkage, of the whole bridge, in addition to
vertical and transverse deformations.
Uniform Temperature Change
Imposing bridges to uniform temperature produces longitudinal deformation, elongation or
shrinkage. If the bridge movements are restraint in the longitudinal direction, additional axial
stresses will be developed. Such stresses may result in cracking in bridge deck. Consequently,
bridge designers prefer using expansion joints to avoid the accumulative longitudinal movements.
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The American Association of State Highway and Transportation Officials (AASHTO) Load
and Resistance Factor Design (LRFD) specifies two procedures to estimate the longitudinal
movements due to uniform temperature change. Procedure A is recommended for all types of
bridges, for which the temperature ranges 𝑇𝑀𝑎𝑥𝐷𝑒𝑠𝑖𝑔𝑛 and 𝑇𝑀𝑖𝑛𝐷𝑒𝑠𝑖𝑔𝑛 can be obtained from
AASHTO LRFD code based on bridge material type and the number of freezing days per year of
bridge location. While procedure B is recommended for concrete and steel bridges only. The
temperature ranges for procedure B is presented on contour maps. Moreover, AASHTO LRFD
states that the longitudinal movements due to uniform temperature gradient can be determined
using Equation (1-1), where 𝐿 is the expansion length and 𝛼 is the coefficient of thermal expansion.
∆ 𝑇 = 𝛼 𝐿 (𝑇MaxDesign − 𝑇MinDesign )

(1-1)

Vertical Temperature Gradient
Due to imposing linear or nonlinear vertical temperature gradient to continuous bridges, girders
tend to hog up in sunny days; i.e. when the deck temperature rises more than the bottom of girder,
and vice versa. In case of end restraint bridges, vertical temperature gradient causes redistribution
of bearing reactions, and induces additional flexural stress in the longitudinal direction. Priestley
(1978) proposed an analytical method for determining the thermally induced stress and continuity
moment for continuous reinforced concrete bridge girders. In the case of simply supported bridges,
nonlinear temperature gradient produces primary stresses due to the difference between actual
strain and the free strain. For continuous bridges, additional secondary stresses develop as a result
of girder continuity. Figure 1.1 shows the behavior of continuous bridges under positive
temperature gradient causing compression stress at the top concrete fibers and tension at bottom,
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which develops thermal restraint moment at bridge girders. Ignoring such additional stresses
increases the probability of cracking under daily operational conditions.

Figure 1.1. Secondary effect of vertical temperature gradient on continuous bridges
In practice, two vertical temperature gradients are typically used. Priestley (1976) proposed a
fifth-power temperature profile, which is highly affected by the black-top thickness, that was
implemented in the New Zealand bridge design code. A simplified bilinear temperature gradient was

proposed by Imbsen et al. (1985) and adopted in AASHTO LRFD specifications for steel and
concrete bridges. In the current study, AASHTO bilinear temperature gradient shown in Figure
1.2 will be used. AASHTO LRFD bridge design specifications provide a map that divide United
Sates into four solar radiation zones, form which temperature 𝑇1 and 𝑇2 in Figure 1.2 can be
determined. Temperature 𝑇3 can be considered zero, and does not exceed 5°F depending on site
specifications. The dimension A in Figure 1.2 is specified depending on the type of bridge; i.e.,
concrete or steel, and the depth of bridge cross section.
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Figure 1.2. Positive vertical temperature gradient for concrete superstructures (AASHTO
2012)
Transverse Temperature Gradient
For the effects of transverse temperature gradient, few research efforts have been done related
to investigating the transverse gradient for concrete bridges or their effect. Bridges experience
lateral deformations under the effect of transverse temperature gradient. If the lateral movements
are restrained, additional force and bending moment develop in the horizontal plane. In AASHTO
LRFD code, no specifications are specified concerning the transverse temperature gradient nor
their effects. This study spots the light on investigating the transverse temperature profile and its
effects for a bridge case study.
Temperature Load Factor for Design Limit States
AASHTO Bridge Design Specifications for concrete bridges have been passed through three
design philosophies over the years. All of them are based on applying a factor of safety to loads,
resistance, or load and resistance. In 1930s, the philosophy of AASHTO bridge design was known
as Allowable Stress Design, ASD, also known as working stress design. In ASD, a factor of safety
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is considered to ensure that the stress induced by load combinations is less than allowable stress.
In other words, the allowable stress is taken as a fraction of load carrying capacity. Later,
AASHTO specifications have been changed to Load Factor Design, LFD, in which load factors
are applied to different load cases. Recently, the philosophy of bridge design adopted in AASHTO
is based on considering the uncertainties in load and resistance, which referred as Load and
Resistance Factor design, LRFD, also called Ultimate Strength Design. Load and resistance factors
are calibrated based on theory of reliability to achieve the criteria of design limit states in terms of
safety level.
Reliability is a probabilistic measure of the structure’s ability to withstand the design loads.
In the theory of structural reliability, load capacities and resistances are considered as random
variables that involve uncertainties. Sources of uncertainties in structural design includes time,
statistical limits, model limits, randomness, and human error (Bulleit 2008). Reliability analysis is
performed to estimate the reliability index, which is another measure of the structure’s probability
of failure. Reliability index 𝛽 can be estimated as the inverse of cumulative density function of
probability of failure, assuming that the limit state function obeys normal distribution. Limit state
function can be defined as the boundary between acceptable, or safe, and unacceptable, or failure,
of structural performance. Graphical definition of reliability index is given in Figure 1.3 as the
shortest distance between the origin and limit state function, where 𝑍𝑄 and 𝑍𝑅 are the standard
form of load and resistance, respectively (Nowak and Collins 2000).
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Figure 1.3. Graphical representation of reliability index (Adopted from Nowak and Collins
(2000))
Load and resistance factors are calibrated for different design limit states in AASHTO
LRFD. There are four main design limit states in AASHTO LRFD specifications with different
acceptable criteria. Strength limit state includes requirements to ensure stability and strength for
the bridges in local and global manner. Extreme events limit state requires the bridge survival
during extreme events, such as earthquake, and flood or vessel collusion. Service limit state
includes limitations on deflection, concrete cracking, and tension stresses. Fatigue limit state
defines stress limitations for cycled loadings. Most of load and resistance factor in AASHTO
LRFD provisions were calibrated using a target reliability index, 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 , of 3.50. However, they
are not statistically calibrated for service limit states due to the lack of determining specific
consequences of exceeding the limit. This is because defining the target reliability index for service
limit state is challenging.
In AASHTO LRFD provisions, load factors for vertical temperature gradient 𝛾𝑇𝐺 are
specified to be taken as 𝛾𝑇𝐺 = 0.0 for the strength and extreme event limit states, 𝛾𝑇𝐺 =1.0 for the
6

service limit state without considering the live load, or ɣ𝑇𝐺 =0.50 for the service limit state in case
of taking live load into account. The basis, for which the temperature load factors are obtained, is
not clear. Therefore, in this study, the uncertainties related to vertical temperature gradient is
investigated, and the statistical parameters are determined. Further, the temperature gradient load
factor is recalibrated for Service III limit state.
Research Objectives
This study focuses on fully continuous prestressed concrete slab-on-girder bridges. Continuity
in these bridges is achieved by the deck slab and continuity diaphragms in which girder ends are
embedded at intermediate supports. The main objectives of this study are to:


Conduct a parametric study to determine the parameters affecting the calculation of
thermal restraint moment, while different geometric bridge attributes are involved in
the study.



Develop simplified formulas, based on number of spans, for predicting the design
thermally induced moment for continuous prestressed concrete bridges, without the
need for performing numerical analysis.



Investigate the transverse temperature profile for prestressed concrete bridges at
different seasons, and explore the bridge orientation effect on predicting the transverse
gradient.



Study the influence of combining the vertical and transverse temperature distribution
on continuous prestressed concrete bridges. Thermally induced moment at girders as
well as shear at bridge bearing is determined.
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Evaluate the statistical parameters of vertical temperature gradient by quantifying the
bias and coefficient of variation, and identifying the most appropriate probability
distribution type.



Extrapolate the extreme value of temperature gradient over 75-year return period.



Calibrate the temperature gradient load factor for Service III limit state based on
different target reliability indices.
Overview of the Dissertation

The format of this dissertation follows the technical paper format that is approved by the
Louisiana State University Graduate School. The results of this study are organized into six
chapters. Chapter 2 through Chapter 5 are organized based on technical papers that are under
review. Each chapter presents an independent topic; however, some materials may have been
repeated for the completeness of the individual chapters. This introductory chapter outlines a brief
introduction of temperature effects and calibration of temperature load factor.
Chapter 2describes the parameters considered in the parametric study and details of the 3D
finite element models used in this study are presented. The thermal restraint moments are also
quantified in this chapter for the bridges considered in the parametric study. Derivation of the
simplified formulas to estimate the thermally induced moment due to the design temperature
gradient are introduced. Finally, Chapter 2includes the validation process of the proposed moment
formulas.
Chapter 3 presents an investigation of transverse temperature gradient for a bridge case study;
John James Audubon Bridge Segment #2. A detailed transient heat transfer analysis is conducted
using TAITherm software. Structural effects of combining the vertical and transverse temperature
8

variation are determined. The effect of bridge orientation in developing the transverse temperature
gradient is also studied.
Chapter 4 presents the methodology used for determination of statistical characteristics of
vertical temperature gradient. The probability distribution function of vertical temperature gradient
based on the temperature data for John James Audubon Bridge located in solar radiation Zone 2 is
investigated. Using Extreme Value Theory, the statistical characteristics; i.e., bias, coefficient of
variation, and probability density function, for the largest extreme value, and its extrapolation over
75-year return period are determined.
Recalibration of the temperature load factor for Service III limit state is presented in Chapter 5.
Brief summary of previous studies related to calibration load factor for service limit states is
introduced. Detailed description of statistical parameters of load effects considered in calibration
process is presented. Temperature load factors based on different target reliability indices are
recommended.
A summary of the study and conclusions drawn from the results in addition to recommendations
for future research are presented in Chapter 6.
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CHAPTER 2. SIMPLIFIED METHOD FOR RESTRAINT MOMENT
ESTIMATION IN CONTINUOUS PRESTRESSED
CONCRETE BRIDGES INDUCED BY TEMPERATURE
GRADIENT
Introduction
Considering temperature effects during structural design is deemed essential for short, medium,
and long-span bridges. Ignoring such effects may lead to adverse effects under service conditions,
which in turn may cause more serious issues over the design life of the structure. For instance,
uniform temperature changes leads to girder elongation or shortening; i.e., cause longitudinal
movements. If bridge movements in the longitudinal direction are restrained, additional stresses
and forces will be generated. These temperature forces can be huge and must be considered in the
design. Therefore, bridge designers prefer using expansion joints and rubber bearing pads to
relieve temperature induced forces by accommodating thermal movements. Furthermore, bridges
are typically designed as simply supported spans to avoid excessive cumulative longitudinal
movements, and to avoid the complexity of investigating statically indeterminate girders behavior
under thermal loads. However, the existence of expansion joints has its disadvantage. For example,
it increases the impact effect on bridges as a result of sharp slope changes at the joints in addition
to any bumps it may add. Additionally, bridge decks and girders are prone to concrete deterioration
and steel rebar corrosion due to accumulation of debris and rainwater leaks through expansion
joints. To avoid these problems, expansion joints have to be regularly maintained and sometimes
replaced, which presents an additional cost to bridge owners. Kelly et al. (2019) developed life
cycle cost-effective analysis to compare between different intervention solutions. Results showed
that removing all of expansion joints; i.e., continuous bridge, is the most cost-effective solution
for many bridge situations. Notably, compared to simply supported-span bridges, designing 2-span
10

bridges reduces the number of expansion joints by 50%, while 3-span bridges decrease it by more
than 66%. It is well known that the effect of temperature changes on statically determinate
structures is less severe than indeterminate structures as a result of the additional restraint inherent
in indeterminate structures. In statically determinate structures, linear temperature profiles do not
influence the internal forces nor the reactions at structure’s supports. Conversely, temperature
profiles, which occur as a result of how solar radiation affects the bridge, only cause selfequilibrating stresses in statically determinate structures (Elbadry and Ghali 1995; Priestley 1978).
The effect of temperature profiles on statically indeterminate or continuous structures causes
additional continuity stresses, internal forces, and redistribution of support reactions.
Temperature gradients induce additional thermal moments in continuous structures. While
uniform thermal change effects are considered straight forward, designing continuous prestressed
concrete bridges for vertical temperature gradient is more involved. This may be due to the lack
of training in handling such special loading condition, which requires knowledge about the thermal
behavior of structural systems, especially for statically indeterminate structures. For statically
indeterminate structures, thermal restraint stresses produce additional moments, often referred to
as secondary moments. Secondary moments should be included in the design of bridges as ignoring
them can result in undesirable outcomes.
Since 1970s, researchers have showed intensive interest in exploring the design temperature
profiles and analyzing their local and global effects on the behavior of different types of bridges.
For continuous concrete bridges, it is not an easy task to perform a complete thermal analysis
because it is affected by other long term effects such as creep and shrinkage (Priestley 1984). The
thermal stresses induced by vertical temperature gradient can be as large as those produced by
gravity loads, and thermally induced moment can exceed the cross section cracking moment
11

causing thermal cracking (Elbadry and Ghali 1983; Priestley 1978). Hedegaard et al. (2017)
investigated analytically the time-dependent deformations of posttensioned concrete box girder
bridge, St. Anthony Falls Bridge, taking into account the effect of creep and shrinkage. Monitoring
the prestressed I-girder bridge, John James Audubon Bridge was performed to study the
performance of a positive moment continuity details that utilizes hairpin bars. The temperature
effects on the bridge were investigated (Okeil 2014; Okeil et al. 2011; Tanvir Hossain et al. 2020),
in addition to studying the time-independent creep behavior (Hossain et al. 2014). Some research
studies reported instability of bridges due to the role of thermal variations in addition to other load
cases. For example, thermal horizontal and vertical cracks were observed during the construction
of Confederation Bridge in Canada, after removing the girder framework. These cracks were
justified by the phenomena of thermal shock due to high increase in bridge temperature resulting
from high solar radiation on bridge surfaces (Gilliland and Dilger 1997). Maguire et al. (2018)
investigated flexural cracks observed in the Varina-Enon continuous segmental bridge by live load
test and long-term monitoring of temperatures, deflections and strains. Results showed that the
vertical temperature gradient in addition to bridge live load were the reasons for opening of the
existing flexural cracks. It was noted that the maximum measured temperature gradient was higher
than the design gradient.
The design vertical temperature gradient for reinforced concrete bridge girders can be defined
as a function of time, and may be affected by different parameters. Concrete material
characteristics, cross section geometry, wind speed, bridge orientation, and thermal properties of
surface cover material are the main variables that affect bridge temperature distribution and
induced stresses (Elbadry and Ghali 1983). Priestley (1976) investigated the parameters
influencing the development of the vertical temperature gradient on seven girders. Based on this
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research, a fifth-power temperature profile for vertical temperature gradient was proposed and
adopted in New Zeeland bridge design specifications. Imbsen et al. (1985) presented a multi-linear
vertical temperature profile, which has been adopted in American Association of State highway
and Transportation Officials (AASHTO) Load and Resistance Factor Design (LRFD)
Specifications. AASHTO LRFD specifies four temperature profiles based on geographical zones,
regardless of the girders’ cross-sectional shapes. However, it was concluded that the deeper cross
section captured larger vertical temperature difference (Lee 2012). Moreover, Lee (2010)
numerically investigated the displacement due to vertical temperature gradient for a single BT-63
girder during construction, i.e., before installing the bridge deck. In addition, simple formulas as a
function of girder span-length were developed to predict the maximum vertical displacement for
different types of I-girders due to vertical temperature gradient. Dilger et al. (1983) studied the
variables that constitute the maximum design vertical temperature gradient for two-span
continuous composite box girder bridges, and investigated the induced additional stresses. The
difference between concrete and steel thermal properties in addition to the dark surface of steel
resulted in extremely high temperature differences, which, in turn, caused additional high thermal
stresses in composite girder. Edyson Rojas et al. (2014) performed long-term monitoring study for
I-girder and box girder bridges located in the states of Utah and California in order to quantify the
actual average uniform temperature and vertical temperature gradient, and estimate the induced
stresses. The study concluded that the thermally induced stresses exceed the service limit state
established in AASHTO LRFD specifications. Hedegaard et al. (2013) observed the temperature
for a posttensioned concrete box girder bridge located in Zone 2, according to AASHTO LRFD
solar radiation zones, and compared the induced stresses with the temperature gradient specified
by AASHTO LRFD. The study found that a fifth order curve similar to that proposed by Priestly
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(Priestley 1976) is the best fit for the actual temperature gradient distribution. It was also concluded
that thermal stresses induced using AASHTO LRFD temperature gradient are unconservative.
Based on the literature, it is clear that thermal effects in the design of bridges cannot be ignored
and must be considered in the design; otherwise, serious long-term issues may occur. The literature
also shows that estimating thermal effects in bridges, especially statically indeterminate bridges,
is not straightforward. In this research, thermal restraint moment that develop due to vertical
temperature gradient in continuous prestressed I-girder bridges are calculated. Simplified formulas
are introduced for estimating the positive restraint moment due to the design vertical temperature
gradients for continuous prestressed concrete bridges. The simplified formulas are developed
based on a parametric study including 115 bridge cases with different bridge configurations to
investigate the variables affecting the calculation of positive restraint moment. Three-dimensional
(3D) finite element (FE) models are developed for each bridge case using ANSYS software to
estimate the thermally induced moment. The applicability of the developed design formulas is
demonstrated using Bridge #2 of the John James Audubon Bridge. Furthermore, other temperature
gradients for different solar radiation zones were also investigated to assess the accuracy of the
thermally induced moments as estimated using the developed simplified formulas.
Classical Numerical Method for Temperature Gradient Analysis
Estimation of thermally induced stresses and moments due to vertical temperature gradient is
different than conventional structural analysis due to gravity loads to which engineers are
accustomed. Different procedures were proposed to facilitate the calculation of thermally induced
stresses and moments. Priestley (1978) developed an analytical method based on girder curvature

14

to determine the thermally induced stresses and continuity moment for reinforced concrete bridge
girders.
This procedure will be discussed in details later in this chapter. However, such methods still
require a thorough understanding of thermal behavior and good command of structural analysis of
continuous girder systems. Tadros et al. (2018) proposed a simplified hand-calculation method
based on the Priestley (1978) procedure to estimate the positive restraint moment and the amount
of positive steel reinforcement due to long term effects; creep, shrinkage and vertical temperature
gradient. The procedure is intended for bridges that are designed as simply supported and made
continuous by diaphragms and deck reinforcement. Such bridges are designed as simple spans for
own weight, but continuous for the subsequent loads.
The analytical method proposed by Priestley (1978) for determining the thermally induced
stresses and continuity moment for reinforced concrete bridge girders simplifies a continuous
bridge structure into a line model, to which a linear or nonlinear temperature gradient profile can
be applied. Generally, there are two major effects of the vertical temperature gradient on
continuous bridges. The first effect is the primary effect, or self-equilibrating stresses, which takes
place if the temperature gradient is applied to statically determinate girders; i.e., after releasing the
restraining conditions. Secondly, the restraint effect, or continuity stress, which is a result of
restraining girder movement due to continuity. To calculate self-equilibrating stresses, Priestley
(1978) assumed that the reinforced concrete section is unrestrained and free to deform under
nonlinear vertical temperature gradient. As a result, a free strain distribution, 𝛼𝑇(𝑦), is induced,
where 𝛼 is coefficient of thermal expansion for concrete, and 𝑇(𝑦) is the temperature value for a
fiber at distance 𝑦. However, the strain distribution along monolithic plane cross sections should
remain linear because each fiber cannot deform freely without the adjacent ones according to the
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assumptions of beam theory. As a result, the difference between free strain and linear strain
distributions leads to the self-equilibrating stress, 𝑓(𝑦), which can be estimated using the following
equation:
𝑓(𝑦) = 𝐸 ( 𝜀(𝑦) − 𝛼𝑇(𝑦))

(2-1)

where 𝐸 is the concrete modulus of elasticity, 𝜀(𝑦) is the final strain induced at cross section
neutral axis, and 𝑦 is a distance that represents the position of the fibers measured from an arbitrary
chosen datum. The integration of restraint stress over the cross section area represents the induced
thermal axial force, 𝑃:
𝑃 = 𝐸 ∫(ɛ(𝑦) − 𝛼 𝑇(𝑦)) 𝑏(𝑦) 𝑑𝑦

(2-2)

where 𝑏(𝑦) is the net cross section width. As a result, the internal moment, 𝑀, due to difference
between free and linear strain about the neutral axis can be determined as a function of the distance
𝑦 from the neutral axis (NA), and 𝑛, which is the distance from the arbitrary datum to the neutral
axis.
𝑀 = 𝐸 ∫(ɛ(𝑦) − 𝛼 𝑇(𝑦)) 𝑏(𝑦) (𝑦 − 𝑛)𝑑𝑦

(2-3)

The unrestrained curvature, 𝛹, and the final strain ɛ𝑜 at 𝑦=0, can be calculated using Equations
(2-4) and (2-5), respectively, for a statically determinant girders since the axial force 𝑃 and the
induced moments 𝑀 are equal to zero as no externally applied forces exist:
𝛼

𝜓 = 𝐼 ∫ 𝑇(𝑦) 𝑏(𝑦)(𝑦 − 𝑛)𝑑𝑦

(2-4)

𝛼

ɛ𝑜 = 𝐴 ∫ 𝑇(𝑦) 𝑏(𝑦) 𝑑𝑦 − 𝑛 𝜓

(2-5)
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where 𝐴 and 𝐼 are the cross-sectional area and moment of inertia, respectively. Since the girder
curvature is restrained by structural configuration; i.e., continuity and supports, the restraint
moment and internal forces can be calculated using principles of superposition by releasing the
redundant girder supports that make the system statically indeterminate. For example, the internal
supports may be removed to allow the entire bridge to deform freely or the rotational restraint at
intermediate supports may be released to allow each span to deform freely. For the latter case of
releasing rotational restraint, fixed end moments, 𝑀, corresponding to the beam’s curvature, 𝜓,
according to Equation (2-6) are applied at each end to achieve compatibility conditions between
the structure’s support conditions. The final restraint moment, 𝑀′ , is then determined by any
structural analysis method for indeterminate structures, such as moment distribution method to
account for the relative span stiffness. The total thermal stress due to nonlinear vertical temperature
gradient can now be calculated using Equation (2-7), in which the first term represents the primary
effect considering applying the vertical temperature gradient to a simple span girder, and the
second term represents the restraint effect due to girder continuity.
𝑀 = −𝐸 𝐼 𝜓

𝑓 = 𝐸(ɛ𝑜 + 𝜓𝑦 − 𝛼 𝑇(𝑦)) +

(2-6)
𝑀′ (𝑦−𝑛)

(2-7)

𝐼

This section shows the complexity of estimating restraint moments due to thermal gradients
using the described analytical method. It involves solving the 𝑃 = 0 and 𝑀 = 0 equlibrium
equations to obtain the girder curvature, and then solve the statically indeterminate structure for a
nonconventional loading condition. Therefore, developing a simplified method for estimating
thermally induced positive restraint moment will be investigated in the following sections.
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Parametric Study
In this study, simplified formulas are developed to estimate the thermally induced positive
restraint moment caused by AASHTO LRFD specified vertical temperature gradients for
continuous concrete bridge girders. The proposed formulas are developed based on a parametric
study that covers 115 cases of bridges with different configurations. The considered bridges are
designed to cover variable number of spans, girder spacing, span lengths, span-length ratios, and
girder cross sections. The bridge design sample is divided to two main groups based on number of
spans, namely 2-span bridges and 3-span bridges. Each main group is divided into five subgroups
based on the spacing between girders. Five different values for girder spacing, 𝑆, ranging from 6
ft (1.8 m) to 10 ft (3.0 m) in increments of 1 ft (0.30 m) are selected and assigned to each subgroup.
Each subgroup under the 2-span bridge group consisted of 14 bridge cases, while nine bridge cases
are assigned in every subgroup under the 3-span main group. Each bridge case has a specific span
length and span-length ratio. A range of 0.5 to 1.0 was considered for the span-length ratio, 𝑅,
which is defined as the ratio between minimum span length to the maximum length. Moreover,
span lengths, 𝐿, are selected ranging from 36 ft (11 m) to 120 ft (36.6 m). For each case, the precast
concrete girder cross section is selected from AASHTO standard cross sections based on the
maximum span length and girder spacing according to design charts used in preliminary design of
bridges. The same cross section was used for the entire bridge length to allow for establishment of
continuity between adjacent spans. In summary, the 115 considered bridges can be divided into
two groups: 70 two-spans continuous bridge cases and 45 three-span continuous bridges. Table
2.1 lists the bridge attributes for the first subgroups, corresponding to 6 ft (1.8 m) girder spacing,
in the 2-span and 3-span main groups.
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Table 2.1. Bridge attributes for the first subgroups with 6ft (1.83 m) girder spacing
Case

𝑳𝟏 (𝒇𝒕)

𝑳𝟐 (𝒇𝒕)

𝑳𝟑 (𝒇𝒕)

Span-length ratio

Girder type

2-Span Bridges
1
2
3
4
5
6
7
8
9
10
11
12
13
14

47
66
81
36
55
55
70
95
47
62
80
40
50
60

62
88
108
72
110
55
70
95
70
93
120
80
100
120

-

0.76
0.75
0.75
0.50
0.50
1.00
1.00
1.00
0.67
0.67
0.67
0.50
0.50
0.50

AASHTO III
AASHTO III
AASHTO V
AASHTO III
AASHTO V
AASHTO III
AASHTO III
AASHTO IV
AASHTO III
AASHTO IV
AASHTO V
AASHTO III
AASHTO IV
AASHTO V

1.00
1.00
1.00
0.67
0.67
0.67
0.50
0.50
0.50

AASHTO III
AASHTO III
AASHTO IV
AASHTO III
AASHTO IV
AASHTO V
AASHTO III
AASHTO IV
AASHTO V

3-Span Bridges
1
2
3
4
5
6
7
8
9

55
70
95
47
62
80
40
50
60

55
70
95
70
93
120
80
100
120

55
70
95
47
62
80
40
50
60

Same span-length ratios and span lengths are defined for other bridge subgroups corresponding
to other girder spacing values with different selection of girder types. It is important to note that
material properties for all elements; slabs, haunches, girders, and bearings are selected based on
typical values used in practice, and are kept the same through all bridge groups in this study.
Furthermore, the thickness of bridge deck slab, 𝑡𝑠 , and the haunch, 𝑡ℎ , are taken equal to 8 in. (20
cm) and 2 in. (5 cm), respectively, for all bridge cases.
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Finite Element Analysis
Thermal analyses of vertical temperature gradient for the considered bridges are carried out by
developing 3D FE models in ANSYS finite element software. Direct coupled-field analysis is used
to combine the thermal physics environment with the structural environment for the 3D FE bridge
models. Vertical temperature gradient specified in AASHTO LRFD for solar radiation Zone 2 is
applied to the thermal physics model at nodal locations for all bridge cases. It is important to note
that the temperature acting on the bottom flange was considered as zero since it reduces the girder
curvature and the resulting restraint moments. Hence, ignoring this portion of the temperature
gradient is the more critical case. Temperature gradient profiles for other zones will be used for
validating the developed moment formulas. Outputs from thermal analyses were stored in a result
files to be imported into the structural physics analyses as boundary conditions.
2.4.1 Finite Element Model Description
Different 3D elements were used to construct the thermal physics model and the structural
model. SOLID5 3D element is used in the thermal physics analyses to model the different bridge
components; i.e., girder, deck and haunch, whereas SOLID65 structural elements was used to
model the same elements in structural analyses. SOLID5 element is a couple-field element that is
defined by eight nodes with four degrees of freedom at each node: three translations and a
temperature degree of freedom. However, SOLID65 structural elements can be used to simulate
concrete elements with or without steel rebar. SOLID65 is defined by eight nodes, each of which
has three nodal translations (ANSYS 2013). Since the sole purpose of this study is to investigate
thermally induced moments due to vertical temperature gradient, other load cases, such as self-
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weight, were not taken into account in the FE analysis. In a typical design situation, the resulting
stresses and straining actions can be superimposed to other effects such as gravity loads.
Two concrete materials are assumed in modeling the bridges. The first set of concrete properties
represents cast-in-place (CIP) reinforced concrete material used in bridge deck and haunch.
Prestressed concrete elements were modeled using the second set of concrete properties. The 28day concrete compressive strength for the first set was assumed 4,500 psi (31 Mpa), and for the
second set was assumed 9,000 psi (62 Mpa). Accordingly, the concrete modulus of elasticity was
taken 3,834 ksi (26,434.5 Mpa) and 5,420 ksi (37,370 Mpa) for the first and second set,
respectively. Poisson’s ratio was taken equal to 0.22 for both concrete materials. Furthermore, the
coefficient of thermal expansion and thermal conductivity were taken as 8 *10-6 1/°F (14 *10-6
1/°C) and 1.0 Btu/hr. ft2 °F (5.7 W/m2 °C), respectively for both concrete materials. Finally, the
elastomeric bearing pads were modeled using SOLID185 3D elements. The shear modulus was
assumed 125 psi (0.80 Mpa) within the range recommended in AASHTO LRFD specifications,
and corresponding to nominal hardness of 50 (AASHTO 2012).
Utilizing symmetry about the central vertical plane of a single girder, only half of each bridge
girder was modeled for 2-span bridge cases as shown in Figure 2.1. Similarly, in the case of 3span bridges, taking advantage of the symmetry in the longitudinal direction, one exterior span in
addition to half of interior span were modeled. The 115 bridge cases were designed as continuous
spans, in which girders were connected at interior supports through a continuity diaphragm in
which positive moment reinforcement were embedded into continuity diaphragms (MILLER et al.
2004). The girders were supported on bearing pads, which were designed to be expansion bearings;
i.e., roller, with a thickness of 4 in. (10.16 cm) for exterior supports, while the intermediate
supports were assumed to be fixed; i.e., pinned, with a smaller thickness of only 1 in. (2.5 cm).
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The girders were assumed to be in full contact with the top of the bearing pads, whereas the bottom
of the bearing pads; i.e., the surface in contact with the supporting structure, was assumed to be
fully restrained from translations.

Figure 2.1. 3D FE model for half of 2-span bridge (𝐿=55 ft (16.76 m), 𝑆=6 ft (1.83 m), 𝑅=1,
and girder Type III)
2.4.2 Finite Element Results
The maximum positive thermal restraint moments at intermediate support locations, due to
applying the vertical temperature gradient for solar radiation Zone 2, without considering the
temperature variation at the bottom flange, is estimated by integrating the thermally induced stress
resulting from the FE analyses at the critical sections shown in Figure 2.1. The maximum positive
moment is determined using stresses on a plane at the interior faces of intermediate bearing. Figure
2.2 shows the axial thermal stress, 𝑓𝑥 , over the composite cross section area, 𝐴𝑐𝑜𝑚𝑝 , for a bridge
case with 55 ft (16.7 m) span length and 6 ft (1.8 m) girder spacing that was designed with girder
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AASHTO Type III. For determining the internal moment corresponding to these thermally induced
stresses, the integration of stresses is performed with respect to an arbitrary datum, which is then
factored into the calculation according to the following equation:
𝑀𝐹𝐸 = ∫ 𝑓𝑥 . 𝑦 𝑑𝐴𝑐𝑜𝑚𝑝 + 𝑦̅𝑐𝑜𝑚𝑝 ∫ 𝑓𝑥 𝑑𝐴𝑐𝑜𝑚𝑝

(2-8)

where 𝑀𝐹𝐸 is the thermal restraint moment extracted from the FE model, 𝑦 is global cartesian 𝑦coordinate for each element measured from the origin, and 𝑦̅𝑐𝑜𝑚𝑝 is the centroid of the composite
cross section measured from a chosen datum, which was taken at the bottom of the girder. It should
be noted that the origin of the coordinate system used in building the 3D FE model existed at the
soffit bottom flange.

Figure 2.2. Stress in x-direction at support location for a 2-span bridge (𝐿=55 ft (16.76 m),
𝑆=6 ft (1.83 m), 𝑅=1, and girder Type III)
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Development of Thermal Restraint Moment Formula
Based on the results from all the bridge cases in the parametric study, the derivation of the
proposed thermal restraint moment expressions due to vertical temperature gradient are illustrated
herein. The obtained moments were analyzed for determining the levels of correlation with the
different variables covered in the study. It was observed that there is a direct relation between the
restraint moment and the moment of inertia for the composite cross section, 𝐼𝑐𝑜𝑚𝑝 , as shown in
Figure 2.3 which, in turn, is based on girder spacing, 𝑆, maximum span length 𝐿, and girder
geometric properties. Consequently, it was deemed necessary to involve girder spacing and crosssectional properties in the proposed simplified formulas. It is important to note that in developing
the final proposed restraint moment equations, the FE results were divided into two sets according
to the number of spans; 70 two-span bridge cases and 45 three-span bridge cases to perform linear
regression analysis for each set individually. Separating the analyzed cases into two sets was
deemed necessary because of the different continuity conditions for each subset; i.e., continuity at
one end for the two-span cases and continuity at both ends for the three-span cases. Linear
regression analysis is performed to fine-tune the derived formulas to be capable of predicting the
thermally induced restraint moment based on 3D FE analysis. The derivation of thermal restraint
moment is based on converting the vertical temperature gradient specified in AASHTO LRFD to
a simplified equivalent temperature gradient.
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Figure 2.3. Correlation between restraint moments and moment of inertia composite girder
section
2.5.1 Simplified Equivalent Temperature Gradient
To simplify the stress calculation process, it is proposed that a simplified equivalent temperature
gradient profile be used instead of the AASHTO LRFD bilinear temperature gradient profile. The
simplified equivalent temperature gradient is described by two parameters; an equivalent
temperature intensity, 𝑇𝑒𝑞𝑢𝑖 , and equivalent depth, 𝑑𝑒𝑞𝑢𝑖 , as shown in Figure 2.4. Two conditions
were established to estimate the two unknown parameters such that the proposed simplified
gradient is equivalent to the AASHTO design gradient. First, the equivalent depth, 𝑑𝑒𝑞𝑢𝑖 , is
determined such that the location of the centroid of AASHTO LRFD design gradient coincides
with the centroid of the equivalent temperature profile. For the equivalent temperature intensity,
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𝑇𝑒𝑞𝑢𝑖 , it is determined such that the cumulative stress effect over the affected area under AASHTO
LRFD design temperature gradient is equal to that from corresponding equivalent uniform profile.
For instance, Figure 2.4-a shows the general temperature gradient profile for AASHTO Zone 2.
The distance 𝐴 is taken 12.0 in. (30.5 cm) for concrete superstructures with depths greater than 16
in. (40.6 cm), and the bottom temperature 𝑇3 is at a distance 8 in. (20.3 cm) from the bottom flange,
which is specified not greater than 5.0°F (2.7°C) based on site specifications (AASHTO 2012).
Figure 2.4-b shows the simplified equivalent temperature, in which the equivalent depth, 𝑑𝑒𝑞𝑢𝑖 , is
calculated to be 8 in. (20.3 cm) with an equivalent temperature intensity, 𝑇𝑒𝑞𝑢𝑖 , 23.5°F (13.1°C).
It is important to note that the bottom part in temperature profile can be transformed individually
as shown in Figure 2.4-b, with an equivalent depth 5.3 in. (13.5 cm) and equivalent temperature
intensity not greater than 3.8°F (2.1°C), depending on site specifications. In this study, the bottom
temperature in AASHTO LRFD design gradient is taken as 0.0°F.
It can be seen that the simplified equivalent temperature profile covers a depth of 8 in. (20.3
cm), which is more than the depth that corresponds to the high temperature intensity of the
AASHTO profile, but at a lower intensity 23.5°F (13.01°C). This is expected due to the fact that
the highest temperatures, 46°F (25.5°C) for Zone 2, in the AASHTO LRFD bilinear profile affects
the top of bridge deck with a considerable decrease for points deeper than the top 4 in. (10 cm);
i.e., the majority of temperature profile affects bridge deck. Furthermore, the stress distribution in
Figure 2.2, which is obtained from 3D FE analyses considering the AASHTO LRFD design
temperature profile, shows that stress values are high across the deck and haunch with considerable
decrease throughout the rest of cross section depth.
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For other solar radiation zones, the simplified equivalent temperature profiles were estimated
as previous. The equivalent depths were calculated as 8.11 in. (20.6 cm), 8.2 in. (20.8 cm), and
7.85 in. (19.9 cm) for Zone 1, Zone 3, and Zone 4, respectively. They were approximated to be 8
in. (20.3 cm) for all zones. The corresponding equivalent temperature intensities were estimated
for each zone based on equivalent depth of 8 in. (20.3 cm). Table 2.2 lists the temperature gradients
parameters for all climate zones in AASHTO LRFD. It shows that the equivalent temperature
profiles affect the bridge deck exclusively. The equivalent temperature profile will be used in
developing the proposed simplified thermal restraint moment formulas with the goal of eliminating
the need to perform time-consuming FE analyses.
As stated earlier, the effect of vertical temperature variation at the bottom flange is not
considered in this study since it reduces the developed thermal restraint moment. However, it can
be added in the restraint moment calculation in the same manner as the top part of the simplified
equivalent temperature gradient.

Figure 2.4. Methodology behind simplified restraint moment expressions: a) Zone 2
temperature gradient profile, b) equivalent temperature profile on girder Type III
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Table 2.2. Simplified equivalent temperature gradients parameters for all AASHTO design
gradients
AASHTO Profile
𝐝𝐞𝐪𝐮𝐢 (in.)
𝐓𝐞𝐪𝐮𝐢 (°F)
Zone 1

8.0

27.50

Zone 2

8.0

23.50

Zone 3

8.0

21.25

Zone 4

8.0

18.50

2.5.2 Derivation of the Thermal Restraint Moment Formulas
It is well established that restraint thermal stress induced by vertical temperature gradient for
homogeneous uncracked section can be estimated:
𝑓 = 𝐸 𝛼 𝛥𝑇

(2-9)

in which ∆𝑇 is the temperature change, 𝛼 is coefficient of thermal expansion, and 𝐸 is elastic
modulus. The axial force, 𝑃, resulting from the equivalent thermal gradient can be estimated by
multiplying the thermally induced stress by the corresponding effective area 𝐴, which is the
product of the equivalent depth, 𝑑𝑒𝑞𝑢𝑖 , and the corresponding width as shown:
𝑃 = 𝐸𝐺 𝛼 𝑇𝑒𝑞𝑢𝑖 ∗ 𝐴 𝑛

(2-10)

For the bridges considered in the parametric study, the width affected by the uniform
temperature profile is simply the spacing between the girders since the deck thickness was taken
8 in. (20.3 cm) for all bridge cases. The effective area is multiplied by the modular ratio, 𝑛, which
is the ratio between concrete elastic modulus of effective area to girder elastic modulus, 𝐸𝐷 ⁄𝐸𝐺 ,
to transfer the width to an equivalent area with properties similar to the prestressed concrete girder
properties. The internal primary moment, 𝑀Primary , induced in composite cross section as a result
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of the vertical temperature gradient is the product of induced axial force times the distance from
the centroid of effective area to the centroid of the composite cross section, which is represented
by 𝑒𝑐𝑔 in Equation (2-11). This moment can be thought of as a fixed end moment (FEM) that will
be used in subsequent analysis steps.
𝑀Primary = 𝐸𝐺 𝛼 𝑇𝑒𝑞𝑢𝑖 ∗ 𝐴 𝑛 ∗ 𝑒𝑐𝑔 = 𝛼 𝑇𝑒𝑞𝑢𝑖 ∗ 𝐴 𝐸𝐷 ∗ 𝑒𝑐𝑔

(2-11)

The continuity moment, 𝑀Continuity , can be calculated using any method for analyzing
indeterminate structures. Herein, the moment distribution method is used to obtain the moment
modification factor, 𝑀𝐹, to be applied to the primary moment, 𝑀Primary , to obtain the continuity
moment. For two-span continuous bridge girder, the moment distribution method showed that the
continuity moment is 1.50 times the primary moment 𝑀Primary , regardless the span configuration.
However, for continuous three-span girders, the moment modification factor depends on the span
configuration. Figure 2.5 can be used to obtain the moment modification factors for three-span
continuous bridges based on span-length ratio. Accordingly, the continuity moment due to
equivalent uniform gradient can be obtained using the following equation.
𝑀Continuity = 𝑀𝐹 ∗ 𝛼 𝑇𝑒𝑞𝑢𝑖 𝐴 𝐸𝐷 𝑒𝑐𝑔

(2-12)
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Figure 2.5. Fixed end moment modification factor for 3-span continuous bridges
2.5.3 Linear Regression Analysis
Linear regression analysis is performed to fine-tune the preliminary continuity moment
expression, 𝑀Continuity , to capture the moment values extracted from the 3D FE analyses. As stated
earlier the 3D FE analyses capture details that are not considered in 2-D line model analyses. For
example, the fact that the bridge girder is supported on two bearing pads at interior supports, and
that the bearing pads deform vertically and longitudinally are, rarely, considered in simple design
models. Therefore, the 3D FE analyses will be considered more representative of actual bridge
conditions, and the proposed simplified expressions will be calibrated to capture the effects of such
conditions. Therefore, the dependent variable in the regression analysis is taken as the moment
extracted from 3D FE analyses, whereas the right hand side in Equation (2-12) is set to be the
independent variable. The goal of this step is to obtain the best value for regression coefficient to
give the least square error between the developed formula and the extracted 3D FE moments. The
estimated regression coefficient was found 1.1 for predicting two-span bridge moments, and 1.2
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for three-span bridge cases. In other words, the following equations for estimating thermally
induced restraint moment for designing two-span and three-span continuous bridge girders are
proposed:
𝑀2-span = 1.65 (𝐸𝐺 𝛼 𝑇equi 𝐴 𝑛 𝑒𝑐𝑔 )

(2-13)

𝑀3-span = 1.20 (𝑀𝐹 ∗ 𝐸𝐺 𝛼 𝑇equi 𝐴 𝑛 𝑒𝑐𝑔 )

(2-14)

where the coefficient 1.65 in Equation (2-13) is the product of the regression coefficient and the
modification factor for two-span bridges. Equations (2-13) and (2-14) are the final proposed
simplified formulas for estimating the restraint moment due to AASHTO vertical temperature
gradients, which take into account three of the considered parameters. Girder spacing is
represented by the area affected by the simplified equivalent temperature profile, 𝐴, which is the
product of the 𝑑𝑒𝑞𝑢𝑖 and the girder spacing. The moment modification factor is estimated
depending on span-length ratio, and the geometric properties of the girder are represented in 𝑒𝑐𝑔 .
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Figure 2.6. Correlation between FE moment (𝑀FE ) and predicted moment (𝑀predicted )
To check for the accuracy of the developed formulas, Figure 2.6 presents the high correlation
between the predicted moment values using the proposed formulas, 𝑀predicted , versus the extracted
moments from 3D FE analysis, 𝑀FE . Figure 2.7 shows a histogram and probability distribution
function, PDF, for the ratio between the predicted moments and those extracted from FE analyses
𝑀predicted ⁄𝑀FE . The average error is found to be less than 1.0 percent with a standard deviation of
0.02. This shows that the proposed simplified formulas resulted in low scatter around the average
estimated value; i.e., coefficient of variation is 4.3%.
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Figure 2.7. Histogram and PDF for predicted thermal moments proportional to FE moments
for the 115 bridge cases
Validation of Proposed Formulas
The applicability of the proposed thermal restraint moment formulas is validated considering
two sets of data: (1) field data recorded during monitoring of the John James Audubon Bridge #2,
and (2) AASHTO temperature gradients for other solar radiation zones.
John James Audubon Bridge #2 was monitored for approximately 5 years through two phases;
from January 2009 until December 2011, and from February 2012 to February 2015, to observe
the performance of adopted positive moment continuity details using hairpin bars embedded into
continuity diaphragms (Okeil 2014; Okeil et al. 2011). The validation of the proposed formulas
are performed as follows. First, 3D FE model for John James Audubon Bridge #2 is constructed
using ANSYS finite element program and applying the in-field measure vertical temperature
gradient. Then, the finite element model is verified using the field data, strain recordings. The
verified FE model is then used to study the bridge behavior under AASHTO LRFD vertical
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temperature gradients. The thermally induced restraint moment is extracted from the FE analysis,
and is estimated using the proposed formula, for three-span bridges, for comparison purpose.
2.6.1 John James Audubon Bridge Description
John James Audubon Project consists of 52 spans, which is divided into 8 bridge segments, and
covers 3,847 ft (1173 m) total length. The main segment is supported by cable-stayed bridge with
1583 ft (482.5 m) total length, which is considered as the second longest cable-stayed bridge in
Western Hemisphere. The monitored bridge segment is a three-span continuous prestressed
concrete bridge, which extends for a total length of 242 ft (74 m). The intermediate span is skewed
with 45o skew angle. The length of the intermediate span is 102 ft (31 m), however, due to
skewness, the exterior spans range from 51 ft (15.5 m) to 89 ft (27 m) as shown in Figure 2.8. For
the middle girders G3, the exterior span lengths are symmetric and measure 70 ft (21.5 m).
AASHTO Bulb-T girder (BT-72) was used to construct the three-span bridge with 8.25 ft (2.5 m)
spacing between main girders. A 7.5 in. (19 cm) thick deck and a 2 in. (5 cm) haunch were cast in
place monolithically with the continuity diaphragm. The thickness of the diaphragm measured 17
in. (43.18 cm) including 4 in. (10.2 cm) embedded in the girder from each sides.
Hairpin bars were used as positive moment reinforcement in Audubon Bridge #2 following the
recommendations in NCHRP Report 519 (MILLER et al. 2004). The hairpin bars were embedded
in BT-72 girders, and extended 8 in. (20.3 cm) into the cast-in-place diaphragm to provide positive
reinforcement (Okeil et al. 2011). Elastomeric bearing pads were used to support the girders over
the supporting pile bents.
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Figure 2.8. Plane view for John James Audubon Bridge #2 (Okeil et al. 2011)
2.6.1.1 Bridge Monitoring System
John James Audubon Bridge #2 was monitored using structural health monitoring system
consisting of 66 embedded and surface mounted sensors including sisterbars, strandmeters, strain
gages, gapmeters, tiltmeters, and vibrating wire gages for recording strain in concrete, strain in
reinforcement, surface strain, gap width, slope, and temperature. More details about the monitoring
systems can be found elsewhere (Okeil et al. 2011). In this study, strain and temperature readings
throughout the depth of middle Girder G3, shown in Figure 2.9, are used for the purpose of
verifying the 3D FE model of Audubon Bridge #2 through the following steps:
1. FE model for half of girder G3 in the bridge #2 was built in ANSYS software with
continuity diaphragm, hairpin bars, and prestressed steel.
2. One of the maximum field-measured vertical temperature gradients, 𝑇𝐺max , was selected
from the recorded data (Figure 2.10-a) to be input at nodes in the FE model, which was
then used to solve for strains at the measured locations.
3. Because the corrected field measured strains were relative values, a non-temperature
gradient, (uniform vertical temperature profile, 𝑇𝐺o ) (Figure 2.10-b), that took place as
close as possible prior to the maximum was input in the FE model, which was then solved
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for strains. The relative strain; i.e., the difference between strains corresponding to
temperature gradient, 𝑇𝐺max , and uniform vertical temperature, 𝑇𝐺o , extracted from FE
analyses were compared with the relative strain from the field data.
4. The girder curvature was estimated based on measured strain data and used for comparison
with that based on FE results.
The verified FE model is used for temperature analysis, and validating the proposed simplified
thermal moment formula.

Figure 2.9. Temperature and strain sensor locations at middle girder G3 in John James
Audubon Bridge #2
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Figure 2.10. Measured temperatures used in verification of John James Audubon Bridge #2 FE model a)
highest temperature gradient profile, 𝑇𝐺max , and b) non-gradient profile, 𝑇𝐺o
2.6.2 FE Model for John James Audubon Bridge
Utilizing symmetry, a 3D FE model is constructed in ANSYS software for Girder G3. The same
element types described earlier were used for this model. Additionally, LINK68 elements were
used for modeling prestressing reinforcement and hairpin bars in the thermal physics model. For
structural physics environment, LINK8 elements were used. The prestressing force is modeled by
applying an initial strain taking into account the prestressing losses through the transfer length.
The supports conditions for analyzed girder were taken from the design plans, which called for
3.3125 in. (8.4 cm) thick bearing pad at the girder exterior ends, and a stiffer pads of 1.0 in. (2.5
cm) thick at the interior supports. Two different concrete materials representing prestressed
concrete and cast-in-place concrete were used for modelling the bridge segment #2. The material
properties were taken from field test results. Standard cylinders revealed that the average
compressive strength were 9500 psi (65 MPa) for prestressed concrete samples, and 6500 psi (44.8
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Mpa) for cast-in-place concrete samples. Moreover, the modulus of elasticity was measured equal
to 6,500 ksi (44.8MPa) for prestressed concrete and 6175 ksi (42.6 MPa) for cast-in-place concrete
used in the deck, haunch, and diaphragm. Poisson’s ratio for both concrete material is assumed
0.20, and coefficient of thermal expansion is assumed 6*10-6 1/°F (11*10-6 1/°C). Steel grade 270
are used for prestressing reinforcement and hairpin bars with 29,000 ksi (200.0 MPa) modulus of
elasticity and 0.30 Poisson’s ratio
It should be noted that the continuity diaphragms were taken into account in 3D FE modelling
to ensure the bridge girder continuity, however, intermediate diaphragms were not modeled since
their main purpose is to distribute live loads across the bridge and their effect on the behavior of
the bridge under thermal loads is minimal. The width of the end diaphragm in 3D FE model is 17
in. (43.18 cm). The measured vertical temperature gradients shown in Figure 2.10 were applied
separately to the girder as nodal temperature in temperature physics environment.
2.6.2.1 FE Model Verification
Strain results from each analysis, temperature gradient profile and non-gradient profile, were
extracted at the same monitored locations for comparison purpose. Strain difference between
imposing temperature gradient profile and non-gradient profile was used in the comparison of FE
results with field data. Figure 2.11 shows the comparison between the strain differences due to
vertical temperature gradient and non-gradient profile. Figure 2.11-a presents the strain difference
extracted from FE analyses throughout the cross section depth, while Figure 2.11-b is for the strain
difference measure from field data. The curvature was estimated from the strain data as the slope
of the strain difference through the bridge cross section depth. The estimated curvature from FE
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strain difference was found 0.70 in.-1 (1.77 m-1), which is almost the same as the curvature
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Figure 2.11. Verification of 3D FE model for John James Audubon Bridge #2; a) FE results, b) measured data

2.6.2.2 Thermal Moment Estimation Using the Proposed Formulas
The 3D FE model for John James Audubon Bridge #2 is used to validate the proposed formula
for three-span bridge cases. The prestressing strands and positive continuity details; hairpin bars,
were removed to isolate the temperature gradient effects from others. AASHTO LRFD
temperature gradient profile for Zone 2 is applied, and the thermal restraint moment is estimated
by integrating the stresses as described in Equation (2-8). The extracted maximum positive
moment at support locations is found 1,203 kip.ft (1,631 kN.m.). The corresponding predicted
moment using Equation (2-14) is 1,293 kip.ft (1,753 kN.m.). The fixed end moment modifier is
found from Figure 2.5 to be 1.1506 corresponding to span ratio of 0.68 (71ft / 102ft), and the
modulus of elasticity for the bridge deck, 𝐸𝐷 , is 4,595 ksi (31.7 MPa), coefficient of thermal
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expansion, 𝛼, equal to 6*10-6 1/°F, equivalent temperature, 𝑇𝑒𝑞𝑢𝑖 , for Zone 2 is 23.5°F (13°F), 𝑒𝑐𝑔
=77.5-54.8=22.7 in. (57.7 cm), and the effective area;
𝐴 = 𝑡𝑠 ∗ 𝑆 + (𝑑𝑒𝑞𝑢𝑖 − 𝑡𝑠 ) ∗ 𝑏 = 7.5 ∗ 8.25 ∗ 12 + (8.0 − 7.5) ∗ 42 = 763.5 𝑖𝑛2
𝑀3−𝑠𝑝𝑎𝑛 = 1.2 (𝑀𝐹 ∗ 𝛼 𝑇𝑒𝑞𝑢𝑖 𝐴 𝐸𝐷 𝑒𝑐𝑔 ) = 1,293 kip.ft
As illustrated, the difference between FE result and the estimated moment using the proposed
formula is 7.5%, which is considered acceptable in structural applications.
Next, the applicability of the developed formulas to other AASHTO solar radiation zones
temperature profiles was investigated. The verified 3D FE model for the John James Audubon
Bridge is used to check the applicability of the proposed three-span moment formula. While, three
bridges with different configurations were randomly selected from the bridge sample for validating
the proposed two-span moment formula. For each bridge, AASHTO vertical temperature gradient
for Zone 1, Zone 3, or Zone 4 is applied, separately. The maximum moments are extracted from
FE analyses, and compared with the predicted moments using the proposed simplified formulas.
It is important to note that temperature gradient profiles for all zones were converted to simplified
equivalent profiles to be used in the proposed simplified formulas.
Results and Discussion
Table 2.3 shows the comparison between thermal restraint moments extracted from FE analyses
and those estimated using the simplified formulas. Comparing the thermal restraint moment based
on AASHTO temperature gradient applied to 3D FE model with that from the proposed formulas
using the simplified equivalent temperature gradient shows that the proposed formulas
conservatively overestimates the restraint thermal moment due to thermal gradient effects by up
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to 7.5%. Results shows that the moment difference ranges from -1.75% to 7.5% with an average
of 5%. Such an error level is considered acceptable in structural applications. This means that the
developed simplified formulas are capable of estimating the design thermally induced moment for
any solar radiation zone with low margins of error. The proposed formulas demonstrate acceptable
prediction of the restraint positive moment for continuous reinforced concrete bridges induced by
positive vertical temperature gradient without the need for complex calculations or FE analyses.
In addition, the proposed formulas are able to predict the thermally induced moment due to
negative temperature gradients because they are described as a percentage of the positive ones as
specified in AASHTO LRFD. The simplified formulas allow bridge designers to readily estimate
the restraint moments for continuous prestressed concrete bridges, which allow for minimizing the
number of expansion joints and their effects.

Table 2.3. Comparison between FE moments and predicted moments using proposed formulas
AASHTO
profile
2
1
3
4
1
3
4

Num. of
spans
2
3
3
3
2
2
2

S (ft.)

Girder type

𝑴𝑭𝑬
(kip.ft)

8.25
8.25
8.25
8.25
7
9
10

BT-72
BT-72
BT-72
BT-72
AASHTO III
AASHTO IV
AASHTO V

1,203
1,407
1,083
956.5
1,245.8
1,466.4
1,661

𝑴𝒑𝒓𝒐𝒑𝒐𝒔𝒆𝒅
(kip.ft)
1,293
1,512.5
1,161
1,017.5
1,287
1,529.86
1,632.2

%Dif
7.5
7.4
7.2
6.4
3.3
4.3
-1.75

Conclusions
This work attempts to draw more attention to the thermal restraint moment due to vertical
temperature variations for continuous prestressed concrete bridges. Simplified formulas were
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developed to simplify the calculation of design restraint moment due to AASHTO LRFD vertical
temperature gradients. A sample of 115 preliminary designed bridges was analyzed by
constructing 3D FE models in ANSYS. AASHTO vertical temperature gradient for Zone 2 was
applied to each bridge case, and the maximum positive restraint moments were extracted.
Preliminary restraint moment formulas were derived, which was then modified based on linear
regression to fine-tune the derived formulas to capture the moment values extracted from the 3D
FE analyses. Finally, the proposed formulas were validated using John James Audubon Bridge #2
filed data and AASHTO temperature gradient profiles from other solar radiation zones’. Based on
the findings of this study, the following conclusions can be drawn:
1) The parametric study showed that predicting the thermal restraint moment is affected
by spacing between girders, geometric properties of the girder, and maximum span
length.
2) The proposed simplified formulas are capable of predicting thermal restraint moment
for continuous prestressed concrete bridges due to vertical temperature gradient. They
can be used for design purposes without the need for performing 3D FE analyses nor
other complex calculations. The histogram and PDF of moment ratio, between the
calculated moment, 𝑀𝑝𝑟𝑜𝑝𝑜𝑠𝑒𝑑 , and extracted moment from FE analyses, 𝑀𝐹𝐸 , showed
that the moment ratio ranges from 0.94 to 1.1 with mean of 1.005. Accordingly, it can
be concluded that the developed formulas are capable of predicting restraint moments
due to vertical temperature gradients for two and three-span bridges located in any
AASHTO LRFD solar radiation zones.
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3) Field monitored data for the three-span John James Audubon Bridge #2 is used for
validating the accuracy of the developed formulas. The verified 3D FE model, the
extracted moment showed 7.5% difference compared to the moment calculated from
the developed formulas.
4) Since the negative vertical temperature gradient in AASHTO LRFD is a percentage of
the positive temperature gradient, it can be concluded that the proposed formulas are
also capable of predicting the negative moment induced by negative temperature
gradient.
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CHAPTER 3. EFFECT OF GLOBAL TEMPERATURE GRADIENTS
ON CONTINUOUS PRESTRESSED CONCRETE BRIDGE
GIRDER: CASE STUDY
Introduction
Considering temperature effects on bridges in structural design is required by design codes.
Ignoring such effects may lead to adverse effects under service conditions, which in turn may
cause more serious issues over the design life of the bridge. For instance, uniform temperature
variations leads to girder elongation or shortening and thus cause longitudinal movements, which,
if restrained, lead to additional stresses and shear forces in the support bearings. Using expansion
joints and elastomeric bearing pads helps to relieve temperature induced forces by accommodating
thermal movements. Furthermore, bridges are typically designed as simply supported spans to
avoid excessive cumulative longitudinal movements and the need to handle the complexity of
girder thermal behavior. However, bridge decks and girders are prone to concrete deterioration
and steel rebar corrosion due to accumulation of debris and rainwater that leak through expansion
joints (Okeil and El-safty 2005). To avoid this problem, expansion joints have to be regularly
maintained and sometimes replaced, which represents an additional cost to bridge owners (Kelly
et al. 2019). Furthermore, structural components in the vicinity of leaking joints often deteriorate
at an accelerated rate leading to more serious issues.
Considering vertical temperature gradient in the design of concrete bridges is crucial. Several
researchers investigated the vertical temperature gradient profile used in design and its influence
on the performance of different types of bridges. Westgate et al. (2015) studied the solar radiation
effect on the Tamar suspension bridge in UK. Results showed that due to different material
properties of bridge components, the peak temperatures of bridge components occurred at different
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times. Furthermore, the study concluded that the vertical bridge deck deflection is the highest
compared with cables and truss girders. Tsing Ma Bridge, another long span suspension bridge,
was monitored and numerically analyzed for assessing its behavior under thermal loads (Yong Xia
et al. 2011). Lateral induced displacements were found small compared to the vertical and
longitudinal ones. The thermally induced stresses were found to be small assuming constant
uniform temperature for all bridge components. Zhu et al. (2020) monitored temperature variation
for a steel-truss bridge for 2 years to study the complex temperature effects. In that study, the
authors developed a simple formula to estimate the thermally induced strains.
The investigation of temperature gradient effects on prestressed concrete girders started earlier
and dates back to the 1970s. Maher (1970) was one of the earliest researchers to show that the fact
that slabs heat up faster than girder soffits that may lead to additional stresses and deflections. A
multilinear temperature distribution was proposed to analyze the effects of this thermal gradient.
Priestley (1972) proposed a higher order polynomial for analyzing temperature gradient effect with
a maximum value at the top and zero at the soffit. Later, Priestley (1976) and Dilger et al. (1983)
studied the parameters affecting temperature distribution for bridges including wind speed, solar
radiation, bridge location, cross section shape, and material properties. A fifth order polynomial
vertical temperature gradient was proposed for design of concrete bridges (Priestley 1976). Imbsen
et al. (1985) presented a simple multilinear profile for design vertical temperature gradient for
concrete bridges, which has been adopted in AASHTO LRFD Bridge Design Specifications
(AASHTO 2012). Kennedy and Soliman (1987) proposed linear-uniform vertical temperature
gradient for composite bridges. Furthermore, several studies monitored field temperatures for
concrete bridges. For example, Hedegaard et al. (2013) measured temperatures for I-35W St.
Anthony Falls Bridge in Minneapolis, Minnesota. Results confirmed that the temperature gradient
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profile for the concrete box girder is close to the one proposed by Priestley (1976). Lawson et al.
(2020) monitored different concrete and composite bridges in the State of Nevada to revise the
vertical temperature profile specified in AASHTO LRFD for solar radiation Zone 1. Results
showed that temperature gradient observed from field measurements is unconservatively higher
than current AASHTO LRFD specifications by 10° C. Further, the study confirmed that a fifthorder polynomial is better to describe the temperature profile than the multilinear one in AASHTO
specifications. Tanvir Hossain et al. (2020) monitored a prestressed concrete slab-on-girder bridge
in southern Louisiana and concluded that the multilinear temperature gradient specified in
AASHTO LRFD adequately captures the observed field temperatures.
Vertical temperature gradients cause bridge girders to hog upwards or downwards, which can
cause thermal cracks to develop in the bridge deck and other structural components. If the bridge
is supported such that its movement is restrained in multiple locations as in the case of continuous
girders, additional stresses and moments develop due to the vertical temperature gradient. Such
stresses and moments, often referred as secondary effects, are significant when compared with
stresses due to self-weight and live loads. Different methods are proposed to estimate thermally
induced stresses and moments. For example, Priestley (1978) introduced an analytical model to
estimate thermal restraint stresses and the induced moment. M. Soliman and Kennedy (1986)
proposed a simplified analytical method to estimate thermally induced stresses due to vertical
temperature gradient at bridge deck and girders for simple and continuous composite bridges.
Tadros et al. (2018) developed a simple analytical method that can be easily programmed in a
spreadsheet for use in a design environment to calculate the positive restraint moment due to timedependent loads; temperature gradient, creep, and shrinkage, for continuous concrete bridges.
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In all of the aforementioned efforts, it is assumed that the thermal variations occur only in the
vertical direction. This assumption is a simplification as the conditions in the transverse direction
also vary.

Therefore, the effects of transverse temperature gradient, which represents the

temperature difference between two positions at the same elevation, have been studied for few
types of bridges. If the horizontal movements are restrained, additional axial forces and bending
moments develop in the horizontal plane (Zhou and Yi 2013). To the author’s knowledge, there is
limited literature for transverse temperature gradient effects for concrete bridges. AASHTO LRFD
(AASHTO 2012) specifies only vertical temperature gradients which were based on onedimensional heat transfer analyses (Imbsen et al. 1985). However, Bin et al. (2014) investigated
the transverse and vertical temperature distributions for prestrssed concrete box-girder bridges due
to a cold wave in China. Results showed that, during short duration cold waves, temperature
gradients are more severe than those induced by solar radiation. Additionally, the study
recommended that transverse temperature gradients through the web and top cantilever slab should
be considered in the design; however, the transverse temperature gradient through the bottom slab
can be neglected. Saetta et al. (1995) presented a numerical model to predict thermal stresses due
to combined vertical and transverse temperature variations for concrete box girders. The model
was validated numerically using concrete box girder bridges, and results showed effective and
accurate prediction of stress levels due to temperature variations.
Lee (2012) developed a two-dimensional heat transfer model to study the vertical and transverse
temperature behavior of a single precast prestressed BT-63 concrete girder. The model was used
to predict the largest vertical and transverse temperature distributions for four different standard
PCI girders at eight cities in United States. The vertical and transverse temperature changes were
measured through the top flange, the web, and the bottom flange before casting the concrete deck.
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Results showed that the maximum vertical temperature difference was measured during the
summer as a result of high solar radiation on the top horizontal surface and minimum wind speed.
However, the maximum transverse temperature difference was observed in the bottom flange in
the late fall or the winter due to higher solar radiation on vertical surface than the horizontal one.
Results, also, showed that a wider cross section exhibited higher transverse temperature difference.
The effect of girder orientation on the maximum transverse temperature differentials for the top
flange, web, and bottom flange was also investigated. Furthermore, Lee (2010) studied the thermal
response induced by the maximum measured transverse temperature gradient for different
prestressed concrete I-girders numerically. The maximum horizontal movement was shown to
coincide with the maximum measured transverse temperature gradient; i.e., there is a direct
relation between transverse gradient and induced horizontal movements. The study proposed
equations for predicting the maximum horizontal movements. It was also stated that the moment
induced by transverse temperature gradients is caused by the sum of transverse temperature
changes in the top flange, web, and bottom flange, because transverse temperature gradient occurs
through the depth of the cross section. The effects of concrete thermal properties on vertical and
transverse temperature distributions and the induced movements were investigated, and it was
concluded that the coefficient of thermal expansion (CTE), 𝛼, has the greatest effect on transverse
and vertical temperature distributions (Lee 2010). It was determined that CTE variation is highly
correlated with bridge temperature changes. In other words, as 𝛼 decreases, the concrete
temperature decreases.
Lee and Kalkan (2012) studied modelling the transverse temperature profile with a secondorder curve based on a study for a single beam. This scenario occurs during construction when the
girders are not yet connected with a bridge deck. The study proposed formulas to estimate the
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maximum vertical and transverse temperature differentials taking into account climate
information; i.e., solar radiation intensity, air temperature, and wind speed. Moreover, an analytical
model was developed to calculate vertical and horizontal thermally induced deformations, based
on classical beam theory by integrating the induced curvatures along the girder’s length.
Temperature variations have to be also included in bearing design since additional deformations
and forces are induced specially in skewed bridges. Tindal and Yoo (1998) studied the effect of
temperature variations on bridge bearings in skewed steel and concrete bridges. Results showed
that the thermally induced displacements at bearings have direct correlation with bridge’s skew
angle, span length and girder width. However, larger thermally induced shear forces at bearing
were observed for higher skew angles, shorter spans, and greater widths. Okumus et al. (2018)
conducted a parametric study to explore the influence of the degree of bearing fixation, bridge
skewness, span length, bridge width, and number of spans on thermally induced bearing
displacements and forces. Results showed that the skew angle is the major factor affecting the
horizontal movements of bridges. Considering the temperature variations of the piers could
increase the induced horizontal forces at bearings. It was shown that pier stiffness has a significant
role in predicting the bearing forces. Additionally, increasing girder depth and spacing resulted in
increasing bearing forces. Higher bearing forces can be expected for bridges with higher skew
angles due to girder’s tendency to rotate horizontally for skewed bridges.
Based on the reviewed literature, it is clear that transverse temperature gradient has received
some attention, however, not as much as vertical temperature gradients, especially in the case of
concrete slab-on-girder bridges. In this study, the primary objectives are to:
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1) Investigate the global temperature distributions for the continuous prestressed concrete
bridge case study on extreme days in the summer and winter seasons.
2) Investigate the maximum transverse temperature gradient for the bridge case study at
different seasons.
3) Analyze the coupled effect of vertical and transverse temperature distributions on bridge
components, namely normal stresses in girders, and shear stress in bearings.
4) Estimate the developed thermal restraint moments at bridge cross sections.
5) Interpret the effect of bridge orientation angle on transverse temperature distribution and
on bridge behavior.
The author selected one of the bridges in the John James Audubon Mississippi River Crossing
project as a case study to achieve the stated objectives. The methodology to fulfill the research
goals can be divided into three main tasks. First, transient heat transfer analysis is performed for
investigating temperature distribution for the case study bridge in a commercially available threedimensional (3D) thermal simulation software, TAITherm, using actual weather conditions; i.e.,
the natural weather environment option. Second, results from the transient heat transfer analysis
are validated using field temperature measurements. Third, the validated element temperatures
extracted from TAITherm are then used to investigate the effect of global temperature distribution.
To do so, a 3D finite element (FE) model is developed for an entire bridge to analyze the structural
behavior of the case-study bridge under the validated temperature field.
Bridge Description
Transient heat transfer analysis is performed on one of the segments of Bridge #2 of the John
James Audubon Bridge project as a case study. The John James Audubon Bridge project includes
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eight bridges to carry Louisiana 10 Highway across the Mississippi River. The main bridge that
crosses the Mississippi River is cable-stayed with total length of 1583 ft (482.5 m), which is
considered the second longest cable-stayed bridge in Western Hemisphere. Bridge #2 covers 3,847
ft (1173 m) in 52 slab-on-girder spans. The monitored segment is shown in Figure 3.1 showing the
sensors’ locations and North direction. It is a continuous prestressed concrete girder bridge and
consists of three spans that extend from Bent 23 to Bent 26. The intermediate span of the monitored
segment is 102 ft (31 m) long, and is skewed 45o to accommodate a railroad track. The exterior
spans are anti-symmetric and range in length from 51 ft (15.5 m) to 89 ft (27 m). The segment
deck width is 38 ft (11.58 m) and is supported by five AASHTO Bulb-T (BT-72) girders. The
spacing between the BT-72 girders is 8.25 ft (251.5 cm). The 7.5 in. (19 cm.) thick bridge deck
and a 2 in. (5 cm) haunch over the girders’ top flanges were cast in place monolithically with
continuity diaphragms. The width of the continuity diaphragms is 17 in. (43.18 cm.) including 4
in. (10.2 cm.) of girder embedment from each side. The bridge was designed with a positive
moment detail where reinforcement in the form of hairpin bars, as recommended in NCHRP
Report 519 (MILLER et al. 2004), extends outside of the girder ends and are embedded in the
continuity diaphragm. In other words, the hairpin bars were embedded at the bottom flange of BT72 girders, and extended 8 in. (20.3 cm) into the cast-in-place continuity diaphragm to transfer the
tension force between girders (Hossain and Okeil 2014; Hossain et al. 2014). Elastomeric bearing
pads were used to support the girders over the supporting pile bents. The exterior bearings were
designed with a thickness of 3.3125 in. (8.4 cm), while stiffer bearings were used for the interior
supports with 1.0 in. (2.54 cm) thickness.
Geographically, the monitored segment is located on Pointe Coupee Parish in Louisiana State.
The latitude and longitude of the bridge location, which are important for transient heat transfer
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analysis as will be discussed later, are 30.719o N and of 91.396o W. The ground elevation of the
bridge is 62 ft (19 m) above sea level, and its angle of orientation is 28o with respect to the North
direction.
The John James Audubon Bridge was opened for traffic in 2011, and one bridge segment was
monitored for over 5 years to observe the performance of the adopted positive moment
reinforcement detail (Okeil et al. 2013). The temperatures and strains at different locations
throughout the monitored segment were monitored. More details about the monitoring project and
instrumentation plan can be found elsewhere (Tanvir Hossain et al. 2020). The recorded
measurements for the interior girder G3 are used for validating processes of the transient heat
transfer analyses.

Figure 3.1. Plane view for John James Audubon Bridge #2 (Okeil et al. 2011)
Heat Transfer Analysis for Summer Season
Three-dimensional transient heat transfer analysis is performed for the three-span continuous
prestressed concrete bridge segment described earlier to obtain the global temperature distribution,
and investigate the maximum transverse temperature gradient profile. Currently, AASHTO LRFD
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has no specifications nor guidelines that address the transverse temperature gradient for concrete
bridges. Therefore, in this study, the investigation of transverse temperature distribution for the
monitored segment of John James Audubon Bridge #2 was conducted using the thermal simulation
software, TAITherm (ThermoAnalytics 2019). TAITherm is a modelling tool that can be used to
simulate 3D steady-state or transient-state heat transfer analysis. It is capable of investigating the
temperature field of any system based on real local environmental conditions and material
properties.
In this study, TAITherm is used for 3D transient heat transfer analysis for a full model of the
monitored segment. The temperature, 𝑇, at any point over the bridge cross section at any time, 𝑡,
is governed by the 3D transient heat conduction differential equation (Dilger et al. 1983; Elbadry
and Ghali 1983):

𝜌𝑐

𝜕𝑇
𝜕𝑡

𝜕2 𝑇

𝜕2 𝑇

𝜕2 𝑇

= 𝐾 (𝜕𝑥 2 + 𝜕𝑦 2 + 𝜕𝑧 2 ) + 𝑄

(3-1)

where 𝜌 is the density of the material, 𝑐 is the specific heat, 𝐾 is the isotropic coefficient of thermal
conductivity, 𝑄 is the rate of heat per unit volume , and 𝑥, 𝑦, and 𝑧 are the coordinates of the point.
The transient heat transfer analysis in TAITherm is performed using the natural weather
environment option, which allows users to specify real natural outdoor weather conditions at the
location of the structure. The natural weather conditions are defined by creating a weather file that
contains weather parameters affecting heat transfer to and from the structure.
To perform the heat transfer analysis, the 3D model was first developed and meshed in ANSYS,
and then exported into TAITherm. Meshing the 3D model in ANSYS has the advantage of
simplifying the post-processing of results. The temperature distribution resulting from TAITherm
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can be imported back into ANSYS for performing linear structural FE analysis with a 3D ANSYS
model built using SOLID65 solid elements. All solid elements were encased with non-structural
shell elements (SHELL181) for more accurate heat conduction analysis (ThermoAnalytics 2019).
The additional shell elements were defined with a small thickness of 0.001 in., almost zero, to
minimize their contribution to the structural analysis. In the transient heat transfer analyses
conducted in this study, the influence of solar radiation, surface radiation, heat conduction, and
wind convection were taken into account.
Material properties and boundary conditions for each part of the model were assigned in
TAITherm. Bridge components; girders, haunches, deck, and barriers, were assigned concrete
material properties with a surface emissivity coefficient 0.88, while the elastomeric bearing pads
were defined as hard rubber with 0.92 surface emissivity coefficient. Surface emissivity coefficient
determines how much heat is absorbed and emitted by each part, in addition to calculating the
amount of irradiated heat for each part. Moreover, the amount of heat transferred by wind
convection is defined by an area multiplier, which represents the percentage of the modeled surface
that is exposed to wind convection (ThermoAnalytics 2019). Different values of wind area
multiplier were considered during calibration of the model to minimize the error between field
measurements and results from transient heat transfer analysis. An area multiplier of 0.9 resulted
in good agreement with field measurements. The terrain around the bridge was defined as an
imaginary plane assigned soil material properties, which was modeled with a moderate surface
moister content of 0.2.
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3.3.1 Weather File
The natural weather environment option was selected to perform the transient heat transfer
analysis based on creating a weather file that contains real field weather parameters measured at
the site of the bridge for a specific time period. The Weather Underground website was used as
the source of weather parameters (TWC Product and Technology LLC 2019). The weather file
includes the geographical location of the structure; i.e., latitude and longitude, time zone and
elevation above the sea level, in addition to date and time of the specific period, for which the
model will be analyzed. It also includes a host of weather related data: wind speed, wind direction,
air temperature, relative humidity, barometric pressure, solar radiation intensity, solar irradiation,
chance of precipitation, rain temperature, and level of sky cloudiness on a scale from 0 (clear) to
10 (total overcast). TAITherm uses the input data to solve for other weather parameters such as,
solar zenith and azimuth angles, effective sky temperature, and sky irradiation.
Weather files have been created for two different time periods representing extreme days of the
summer and winter seasons. The first selected period included 21st of July 2009 and represents the
summer season, whereas the second selected period included December 21st, 2009 for the winter
season. The choice of these dates was in light of the fact that the bridge case study is located in the
northern hemisphere above the Tropic of Cancer. Accordingly, July 21st was selected because the
sun becomes directly overhead the tropic of Cancer, which means that sunrays become almost
perpendicular to the bridge deck such that bridge deck receives the highest solar radiation of the
year, and consequently, is subjected to the highest vertical temperature gradient over the year.
December 21st, on the other hand, is when the sun is above the Tropic of Capricorn. On that day,
the sunrays are at the highest inclination angle to the northern hemisphere. Consequently, the
highest transversal temperature distribution is expected to occur on December 21st. Different initial
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temperature values have been tried in preliminary analysis, which showed that initial temperature
has an insignificant effect on relative temperature distribution. Nevertheless, the initial temperature
was defined as 68°F as an average of ambient air temperature (Dilger et al. 1983). A time step
equal to 1 hour was used in all analyses.
A plan view of the finite element model developed in TAITherm can be seen in Figure 3.2-a
showing the angle of orientation of the monitored segment with respect to the North direction.
Temperature and stress results presented in the next sections will be shown for Section A-A, which
is located in the middle of Span 24. Figure 3.2-b shows an isometric view of the model with a
close up of bridge components, namely bearings, girders, haunches, deck, and concrete barriers. It
is important to note that although the two intermediate bents, Bent 24 and Bent 25, are skewed,
the skewness was not modeled in TAITherm for two reasons. First, modeling a non-skewed bridge
is much simpler given the complexity of the multi-physics analyses conducted in this study. More
importantly, the effect of skewness on temperature distribution is insignificant, as it does not
change the physics of the thermal conditions of the superstructure, especially since the focus is on
thermally induced moments in the bridge girders.
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(a)

(b)

Figure 3.2. TAITherm finite element model a) plan view showing angle of orientation of the
bridge, and b) 3D model showing bridge elements
3.3.2 Validation of Heat Transfer Analysis
Element temperatures from the July 21st, 2009, are compared with measured field temperatures
for validation of the TAITherm model. The middle girder, G3, was used in the validation process.
Girder G3 was monitored using embedded sensors at different locations over the girder depth, in
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addition to surface-mounted sensors on the bottom flange and the web, as shown in Figure 3.3.
Each of the vibrating wire sensors provided two readings at each location; a strain reading and a
temperature reading (Okeil et al. 2013).

Figure 3.3. Temperature sensors’ locations Girder G3 in John James Audubon Bridge #2.
Figure 3.4 shows a comparison between in-field measured temperatures and the simulated
temperatures from TAITherm, at sensor locations over the depth of Girder G3 during a 23-hour
period starting from 12:00 am until 23:00 pm on July 21st, 2009. Figure 3.4-a depicts temperature
variations in the deck slab for the sensor at a height of 77.5 in. (1968.5 mm). The peak temperature
at the deck was captured at 4:00 pm. Figure 3.4-b and Figure 3.4-c show the temperature results
for the top flange sensors, which show that the peak temperature occurred later than the peak
temperature for deck. This delay is due to the heat transfer by conduction through concrete deck
and haunch. Temperature variations in the web are plotted in Figure 3.4-d, where the maximum
difference between simulated and measured temperature variations is 12%, which is considered
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reasonable for structural applications. At the web sensor, the simulated peak temperature in
TAITherm does not coincide with the measured one. These differences may be caused by the
simplification of simulating the surrounding terrain, which was modeled as soil with 0.2 moisture
content, however, the actual surrounding terrain underneath the bridge included a water stream
that ran parallel to the rail road track and a lot of vegetation, which decrease the surrounding air
temperature resulting in lower temperature values for the underside of the bridge. For the
temperature variations at the bottom flange, results captured maximum differences of 13% and
19% between measured and simulated temperature at depths of 2.5 in. and 0.0 in., respectively, as
shown in Figure 3.4-e and Figure 3.4-f. It should be noted that the sensors at the web’s mid-height
(Figure 3.4-d) and at the soffit of the girder (Figure 3.4-f) are externally mounted sensors. In other
words, they are more influenced by wind effects and ambient air temperature on the temperature
readings than other sensors that are embedded inside the various concrete elements.
In general, it can be said that the simulated temperatures are in good agreement with measured
temperatures. The differences between measured and simulated temperatures are between 10%
and 20%, which is considered acceptable in structural applications for such a complex system.
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Figure 3.4. Validation of 21st July 2009 TAITherm analysis for mid-span of Girder G3 at
Span 24 throughout different heights
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3.3.3 Transverse Temperature Gradient
Temperature results are extracted for the first layer of elements for the bridge deck at the midspan of the Span 24, Section A-A. The results shown in Figure 3.5 represent the transverse
temperature profile at 4:00 pm, which was specifically selected because it corresponds to the
bridge-deck peak temperature as shown in Figure 3.4. It can be seen that the temperature in the
deck right underneath the barriers is lower because of the insulation the barriers provide to the
deck top surface. Furthermore, the temperature in the deck overhang on the south side is lower
than the temperature in the deck above girders. This is due to the shading of the deck overhang by
the concrete barrier, which reduces the amount of heat gained due to solar radiation. On the other
hand, the barrier on the north side of the deck does not shade the deck overhang. Consequently,
the north side experienced higher temperatures except underneath the concrete barrier. A
maximum temperature of 105.5°F is captured in between girders, while lower temperatures are
captured above girders locations. These temperature variations can be attributed to the high amount
of heat dissipated by conduction for elements above girders locations in all directions. However,
elements between girders locations lose less heat by wind convection and conduction. The
maximum transverse temperature differential across the bridge deck is found to be 11°F.
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Figure 3.5. Transverse temperature gradient for the top layer of elements for mid-span of the
Span 24 at 4:00 pm on July 21, 2009
Structural Analysis
3.4.1 Finite Element Model
The validated temperature results were used to investigate the structural effects of temperature
distribution on the prestressed concrete girders. A 3D FE model was developed in ANSYS using
the validated temperature field from TAITherm as input. SOLID65 structural elements, which
have three degrees of freedom at each of its eight nodes and can be used to simulate concrete
elements with or without steel rebar (ANSYS 2013), were used to model the bridge components
(e.g. girder and deck, haunch, and barrier).
Two concrete materials were used in the model. The first material represents the cast-in-place
(CIP) reinforced concrete material, which was assigned to the bridge deck, haunch, and barrier.
The second material represents the properties of prestressed concrete, which was assigned to the
precast girders. Based on testing of standard concrete cylinders, the average compressive strength
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were 9500 psi (65 MPa) for prestressed concrete, and 6500 psi for cast-in-place concrete. The FE
model was calibrated using a modulus of elasticity equal to 6,113 ksi (42.15 MPa) for precast
girder concrete, and 4,595 ksi (31.7 MPa) for cast-in-place concrete. Poisson’s ratio for both
concrete materials is assumed 0.20, and the coefficient of thermal expansion was assumed to be
6*10-6 1/°F.
The elastomeric bearing pads were modeled with a thickness of 3.3125 in. (8.4 cm.) for exterior
bearings as expansion bearings, while the intermediate bearings’ thickness was 1 in. (2.5 cm) for
fixed; i.e., pinned, support configurations. The girders were assumed to be in full contact with the
top of the bearing pads, whereas the bottom surfaces of the bearing pads, which are in contact with
the supporting pile bent, were assumed to be fully restrained from translations. SOLID45 elements,
which have plasticity, large deflection, and large strain capabilities, were used to model the
elastomeric bearing pads as an orthotropic material. The bearings’ modulus of elasticity in the
vertical direction was assumed 100,000 psi (690 MPa). The shear modulus was assumed to be 125
psi corresponding to 50 nominal hardness based on AASHTO LRFD specification (AASHTO
2012). The developed 3D model has a total of 117,534 nodes, 86,316 solid elements, and 127,693
shell elements.
Since the focus of this study is on investigating the combined effect of vertical and transverse
temperature distributions, the prestressing strands and other load cases such as self-weight and live
load were not taken into account in FE modelling. The resulting stresses and straining actions due
to the applied temperature distribution can be superimposed to other effects such as gravity loads
assuming that the behavior is linearly elastic if needed.
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The validated element temperatures at 4:00 pm on July 21st, 2009 are extracted from TAITherm
and imported into ANSYS for linear structural analysis. This time-step is selected since it coincides
with the maximum transverse temperature gradient observed in the bridge deck. If the imported
temperature is applied in ANSYS as is, the elongation of the bridge due to the applied temperatures
would have been excessive due to the thermal expansion resulting from uniform temperature
change, 𝑇𝑈 , equal to the total entered temperature or about 100°F. In reality, the temperature
changes are relative to the ambient temperature at a certain point during construction, e.g.
establishing continuity. Since the focus of the study is on the temperature gradient rather than on
uniform temperature change, 𝑇𝑈 , effects, a temperature offset equal to the minimum element
temperature was set to minimize such effect This minimum temperature was found to be 88°F
from the heat transfer analysis in this case. The temperature distribution for the bridge case study
is shown in Figure 3.6 after eliminating uniform temperature.
As stated earlier, the TAITherm model and the ANSYS model were built without considering
the skewness of the intermediate bents. The bridge skewness has a minor effect on temperature
distribution as demonstrated in validation section. However, bridge skewness has significant
influence on bearing forces and displacements due to temperature distribution and other load cases
(Okumus et al. 2018; Tindal and Yoo 1998). For the purpose of this study, the finite element
analysis will be performed using the same model, in which bridge skewness was ignored.
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Figure 3.6. Temperature distribution imported into ANSYS from TAITherm (4:00 pm on July
21st, 2009) (°F)
3.4.2 Finite Element Results
3.4.2.1 Movements and stresses
Deformations, thermally induced normal stresses, and their corresponding moments that
develop in the girders, and shear stress resultant at bearings due to global temperature variation
were the focus of this study. Figure 3.7 shows the results extracted from the structural analysis for
the thermal conditions on 4:00 pm on July 21st, 2009. Contours of the transverse displacement, UZ,
are plotted on a plan view for the deformed shape of the bridge deck in Figure 3.7-a. It is clear that
the bridge experienced elongation even though the uniform temperature effect was minimized.
This means that the longitudinal deformations is an inevitable effect that can occur due to
combined vertical and transverse temperature variations. This is due to the fact that the top part of
the girder expands when its temperature rises, even if the temperature of the rest of the cross section
does not rise. Therefore, the overall longitudinal movement is an expansion of the girder. Figure
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3.7-b shows the same deformed shape in an isometric view showing that girders deform in the
transverse direction due to the transverse temperature differentials. For example, the exterior
girders, G1 and G5, hog outwards with a maximum displacement around 0.18 in (4.6 mm).
Figure 3.7-c shows the normal stress distribution, 𝑓𝑋 . Maximum compressive stresses are
captured at the top of the deck, specifically between girders of about 290 psi (2 MPa). Compressive
normal stresses at the top of the slab are attributed to the secondary effect of temperature variations.
The secondary effect, can also referred as restrained curvature effect, can be explained as the
resistance at intermediate supports for girders to hog upwards due to the vertical temperature
gradient, which imposes additional reactions causing positive moments; i.e., compressive stresses
in the top fibers of the deck, (Priestley 1978). These compressive stresses in the deck drop over
the girders because of the large concrete block of haunch and upper flange that apparently leads to
higher heat losses by conductivity.
It is clear in Figure 3.7-c that the compressive stress at the deck overhang in the south side is
less than the north side due to the existence of the concrete barrier shading the south cantilever
part, which reduces the amount of heat gained due to solar radiation.
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(a)

(b)

(c)

Figure 3.7. Structural analysis results for July 21st, 2009 ; a) plan view of thermally induced deformations
at deck level (inch), b) isometric view of transverse deformed shape (inch), c) normal stresses, 𝑓𝑋 ,
distribution at mid-span of Span 24 (psi)
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3.4.2.2 Thermally induced Moment
Thermal bending moments, 𝑀𝑧 and 𝑀𝑦 , induced by combined effect of vertical and transverse
temperature distributions can be estimated by integrating the thermally induced stresses. In this
context, moments at mid-span of Span 24 were estimated by defining a working plane at the midspan over which normal stresses are integrated to obtain the corresponding moments. Moment
components developed at each girder were estimated individually to explore the difference in
moment values developed in various girders. The thermal restraint moment components, 𝑀𝑧 and
𝑀𝑦 , at each girder is estimated using Equation (3-2) and (3-3);

𝑀𝑧 = ∫𝐴

𝑐𝑜𝑚𝑝

𝑀𝑦 = ∫𝐴

𝑐𝑜𝑚𝑝

𝑓𝑥 . 𝑦 𝑑𝐴 + 𝑦̅𝑐𝑜𝑚𝑝 ∫𝐴

𝑓𝑥 𝑑𝐴

(3-2)

𝑓𝑥 . 𝑧 𝑑𝐴 + 𝑧̅𝑐𝑜𝑚𝑝 ∫𝐴

𝑓𝑥 𝑑𝐴

(3-3)

𝑐𝑜𝑚𝑝

𝑐𝑜𝑚𝑝

in which 𝑓𝑥 is the normal stress; 𝐴𝑐𝑜𝑚𝑝 is composite cross section area; 𝑦 and 𝑧 are the Ycoordinate and Z-coordinate of each element with respect to the origin, respectively, and 𝑦̅𝑐𝑜𝑚𝑝
and 𝑧̅𝑐𝑜𝑚𝑝 are the vertical and horizontal distances from the origin to the centroid of the composite
section, respectively. It is important to note that in determining the thermal restraint moment, the
integration of stresses is performed with respect to an arbitrary datum, which is then factored into
the calculation according to Equations (3-2) and (3-3) by integrating the normal stresses over the
area; i.e., estimating the resultant axial force acting on the cross section, and multiplying it by the
distances 𝑦̅𝑐𝑜𝑚𝑝 and 𝑧̅𝑐𝑜𝑚𝑝 for moment components, 𝑀𝑧 and 𝑀𝑦 , respectively. Figure 3.8 presents
the estimated moment components for each girder. Results show that the girders experience
positive thermal restraint moment 𝑀𝑧 ranging from 260 kip.ft (352.5 kN.m.) to 310 kip.ft
(420 kN.m.), which are induced by positive vertical thermal distributions, shown in Figure 3.9.
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The 𝑀𝑧 thermal restraint moment in Girder G5 is noticeably less than 𝑀𝑧 in other girders. This can
be attributed to the lower stress values at the shaded area imposed by concrete barrier on the south
side of the bridge.
The transverse thermal restraint moment, 𝑀𝑦 , is generally lower than 𝑀𝑧 , especially for interior
girders; i.e., G2, G3 and G4, which are almost equal to zero due to the small transverse temperature
gradients developed at their locations as shown in Figure 3.8 and Figure 3.5. Conversely, the
exterior girders, G1 and G5, experienced higher transverse thermal restraint moments, 𝑀𝑦 , equal
to 83 kip.ft (112.5 kN.m.) and 107 kip.ft (145 kN.m.), respectively. This can be attributed to the
higher transverse temperature difference developed at deck overhangs close to girders G1 and G5
due to low element temperature affected by concrete barriers. 𝑀𝑦 for Girder G5 is quite higher
than 𝑀𝑦 for Girder G1 due to higher transverse temperature difference. In general, it can be stated
that the transverse moment, 𝑀𝑦 , is more critical for exterior girders than it is for interior girders.
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Figure 3.8. Estimated moment components 𝑀𝑦 and 𝑀𝑧 at mid-span of Span 24 for July 21st, 2009 (kip.ft)
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Figure 3.9. Vertical temperature gradients for bridge girders at 4:00 pm on July 21st , 2009

3.4.3 Shear Stresses in Bearing Pads
The shear stress resultant, which is the summation of shear stress components, are plotted in
Figure 3.10. It can be stated that low shear stresses are developed at bearing level. These low shear
stress values can be attributed to the low vertical and transverse temperature differences that are
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captured from heat transfer analysis as low as 13°F, and eliminating the uniform temperature
change. The simplification of the model by ignoring the bridge skewness may also have helped
reducing the developed shear stresses. Furthermore, the bearings at lines L2 and L3 experienced
higher shear stress compared to exterior bearings at lines L1 and L4. This is expected due to their
higher horizontal stiffness as fixed bearings at lines L2 and L3 relative to the expansion bearings
at L1 and L4.
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(b) L1

(c) L2

(d) L3

(e) L4

Figure 3.10. Shear stress resultant (psi) due to temperature distributions at 4:00 pm on July 21st, 2009,
a) 3D view, b) bearings at line L1, c) bearings at line L2, d) bearings at line L3, e) bearings at line L4.
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Heat Transfer Analysis during Winter Season
Further investigation of the combined effect of vertical and transverse temperature variations is
performed with different weather characteristics. The effects on transverse temperature difference
is expected to be higher in the winter season, specifically on December 21st, when the sunrays are
at their maximum incidence angle on vertical side of the bridge. Consequently, another transient
heat transfer analysis was performed for the same bridge segment described earlier (John James
Audubon Bridge #2) using weather file including weather data of December 21st, 2009. Results
are validated by comparing with the field measured-temperatures for Girder G3 as shown in Figure
3.11, in which the maximum temperature difference is captured 14% for the web sensor location.
Results show good agreements with measured temperature at all sensors locations. However, slight
delays are captured between measured and simulated temperatures, which can be attributed to the
aforementioned simplifications of the surrounding terrain.
Results from TAITherm for the top layer of the bridge deck at section A-A at 4:00 pm were
extracted to investigate the seasonal effect on transverse temperature gradient as shown in Figure
3.12. The transverse temperature gradient on December 21st, 2009 is similar to results for July 21st
(see Figure 3.5) albeit with lower temperature intensities. The effects of increasing sunrays
incidence angle appear in two aspects at the deck overhang on the south vertical plane; i.e., above
Girder G5. First, the temperature difference of the deck overhang is higher than in the summer
case. Second, sunrays with higher incidence angle develops a wider shaded area compared to the
summer case, which resulted in lower temperatures for the elements of the deck overhang, above
Girder G5, and in-between Girders G5 and G4. The maximum transverse differential is captured
as 13°F, which is slightly higher than the gradient captured in July 21st by about 18%. Accordingly,
the seasonal effect on developing transverse gradient is notable but may be insignificant.
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Figure 3.11. Validation of TAITherm analysis at mid-span of Girder G3 on December 21st, 2009 through different
depths
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Figure 3.12. Transverse temperature gradient for the upper set of elements in the bridge deck
on December 21st, 2009 at 4:00 pm.
Finite Element Analysis and Results for Winter Season
As with the previous analysis for July 21, 2009, element results for December 21st, 2009 at 4:00
pm were imported from TAITherm into ANSYS. The temperature distribution at 4:00 pm was
specifically selected because the maximum transverse gradient was captured at that time.
Furthermore, peak temperatures were also captured at 4:00 pm for sensors at height of 77.5 in.,
37.5 in. and 0.0 in. as shown in Figure 3.11. As done earlier, the effect of uniform temperature
variations is minimized by setting the offset temperature as the minimum element temperature
from TAITherm results; 46.6°F.
Figure 3.13-a and Figure 3.13-b represent the top view and three-dimensional contour plots for
the thermally induced transverse movements. Similar to the behavior discussed earlier for the
summer, the bridge elongates even though the uniform temperature was minimized. Moreover,
both exterior girders deform outwards since they are the ones subjected to the largest transverse
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temperature differential. The normal stress distribution at Section A-A is shown in Figure 3.13-c.
Tensile stresses developed at the top of the bridge deck at the south side above Girder G5, whilst
the top of the deck over other girders and in-between girders experience compression stresses. This
stress distribution pattern is a result of the temperature distribution and the corresponding
secondary effect. This can be seen in Figure 3.14, where results from the heat transfer analysis
show that Girder G5 experienced a negative temperature gradient with temperature difference of
19°F (10.5°C). This negative temperature gradient occurs as a result of the sun radiation directly
on the bottom flange of Girder G5, which was observed in the field as can be seen in Figure 3.15.
Consequently, Girder G5 deformation due to a negative thermal gradient is a downward hog that
imposes tensile stresses at the top of the deck and compressive stress at the bottom of the girder
due to the secondary restraint moment effect. Conversely, the other girders are subjected to
positive temperature gradients, Figure 3.14, that resulted in compression stress at the top fibers of
the bridge deck.
The thermally induced moments are estimated at Section A-A using Equations (3-2) and (3-3)
as shown in Figure 3.16. The restraint moment, 𝑀𝑧 , for Girder G5 resulted in a negative moment
component of -455 kip.ft (617 kN.m) due to the exposure to a negative temperature gradient.
However, low positive temperature differences resulted in positive thermal moments, 𝑀𝑧 , in other
girders with lower values of 122 kip.ft (165 kN.m), 85.5 kip.ft (116 kN.m), 60 kip.ft (81.5 kN.m),
and 59 kip.ft (80 kN.m), for girders G1, G2, G3, and G4, respectively. The moment about the weak
axis, 𝑀𝑦 , due to transverse temperature gradient, shows small values which can be neglected
because of the relative small transverse temperature gradient as shown in Figure 3.16.
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(a)

(b)

(c)

Figure 3.13. Results from ANSYS linear structural analysis; a) plan view of thermally induced movements
at deck level, b) transverse deformed shape (inch), c) normal stress, 𝑓𝑋 , distribution at the middle mid-span
(psi).
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Figure 3.14. Vertical temperature gradients for bridge girders at 4:00 pm on December 21st,
2009
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80

Figure 3.15. Sunlight on the bottom flange of G5 while the top flange is shaded by the
overhang
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G1

G2

G3

G4

G5

Figure 3.16. Estimated moment components 𝑀𝑦 and 𝑀𝑧 at mid-span of Span 24 for
December 21st, 2009 (kip.ft)
Bridge Orientation effect
The influence of bridge orientation angle with respect to the North on temperature distribution
and its effect on continuous prestressed concrete bridges was also studied. The analyzed bridge
segment was rotated to be perpendicular (90°) to the North direction; i.e., perpendicular to sunrays
on December 21st. The same weather file that was developed for December 21st, 2009 was used to
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perform transient heat transfer analysis. All other material properties and boundary conditions
were kept the same in the 3D FE model.
Temperature results for the bridge case study with 90° orientation angle were extracted for
comparison with results for the original bridge orientation. Figure 3.17 reveals that the maximum
estimated transverse temperature differential for the top layer of the bridge deck, at Section A-A,
is 14°F (7.7°C). Compared with the transverse temperature differential shown in Figure 3.12, it
can be stated that the bridge orientation angle has a minor effect on transverse temperature
distribution. Vertical temperature gradients are shown in Figure 3.18 at the same section. Results
extracted at 4:00 pm show that, even though temperature intensities decrease, girders experienced
slightly higher temperature differences when bridge orientation changed from 28° to 90°.

Figure 3.17. Transverse temperature gradient for time step at with 90° angle of orientation
with respect to North direction located at mid-span of second span at 4:00 pm
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Figure 3.18. Comparison between the vertical gradients at two cases, a) with original bridge orientation 28°, and b)
with 90° bridge orientation, at 4:00 pm using weather file of December 21st, 2009
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Discussion
Moment components, 𝑀𝑧 and 𝑀𝑦 , were extracted for oriented bridge case, after minimizing the
uniform temperature effect by setting the temperature offset as 43°F, as shown in Figure 3.19.
Compared to the as-built 28° orientation angle case, the thermal restraint moment, 𝑀𝑧 , in Girder
G5 increased by 6% as a result of the increase in vertical temperature difference. For 𝑀𝑦 moment
component, exterior girders experienced quite high moment values as a result of being exposed to
the largest transverse temperature differential, especially in the deck overhang.
For further evaluation of the thermal restraint moments, internal moments due to self-weight of
bridge deck, haunches, girders, barriers, and bearings are calculated to quantify how high the
thermally induced moment compared to self-weigh induced moment. Internal moment
components 𝑀𝑧 at mid-span of Span 24 for each girder is determined by integrating the developed
axial stress over the composite cross section. Figure 3.20 shows the normal stress distribution and
moments for Girders G1, G2, and G3. By comparing internal moment, due to self-weight, with the
thermal restraint moments, due to combined effect of vertical and transverse temperature variation,
for the three cases discussed earlier as listed in Table 3.1, it can be concluded that temperature
variation has significant effects on bridge girders. Additional normal stresses, movements, and
moments develop as a result of temperature changes. The ratio between the thermal moment, 𝑀𝑧 ,
and moment due to self-weight can reach more than 25%, as in case of December 21st, 2009.
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Figure 3.19. Moments 𝑀𝑦 and 𝑀𝑧 at middle of Span 24 for December 21st with 90° orientation angle

G1
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Figure 3.20. Moment results from structural analysis for self-weight only at mid-span of Span
24 (kip.ft.)
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Table 3.1. Comparison between thermal restraint moments with respect to moment due to
self-weight.
𝑀
Moment (kip.ft.)
𝑀𝑜𝑚𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑜 𝑍⁄𝑀
%
𝑠𝑒𝑙𝑓−𝑤𝑒𝑖𝑔𝑡ℎ
G1

G2

G3

G5

G1

G2

G3

G5

Self-weight

+1789

+1879

+1890

+1789

July 21st, 2009

+298

+310

+283

260

17

16.5

15

14.5

Dec 21st, 2009

+122

85.5

+60

−455

7

4.5

3.2

25.5

Dec 21st, 2009-Rotated

+85

+58

+32

−482

5

3

1.7

27

Conclusions and Recommendations
The work presented herein attempts to study the effect of the global (vertical and transverse)
temperature variation on a continuous prestressed concrete bridge. Transient heat transfer analyses
were performed for one of the segments of John James Audubon Bridge #2 using TAITherm
software to obtain the global temperature distribution for the bridge and investigate the effect of
transverse temperature gradient on its structural behavior. The transient heat transfer analyses was
performed for two days, namely July 21st, 2009 and December 21st, 2009 that represent the extreme
weather conditions in the summer and winter seasons. Results were first validated using in field
measurements. The validated temperature distributions were then used to study thermal variation
effects on bridge components. The effect of bridge orientation on transverse temperature gradient
was also investigated by rotating the bridge to face the maximum exposure of solar radiation.
Thermal restraint moments were estimated and compared with internal moments due to bridge
self-weight. Based on transient-state heat transfer and structural analyses, the following
conclusions can be drawn.
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Results from transient-state heat transfer analyses using TAITherm showed good agreement
with field measured temperatures. The maximum calculated error between measured and estimated
temperatures was captured 19% at the bottom flange, for which the sensor was externally mounted
and is, therefore, affected by wind and ambient air temperature more than embedded sensors. The
deck overhang on the south side of the bridge experienced higher transverse temperature
differences in the winter due to the wider area shaded by the barrier resulting from the higher
incidence angle. Moreover, Girder G5 at the south side experienced positive vertical gradient
during the summer and negative gradient during the winter.
Structurally, it can be concluded that both vertical and transverse temperature distributions
develop additional stresses, deformations, and moments on bridge deck and girders. Results
showed that longitudinal movements are inevitable, even though the uniform temperature change
was minimized. Shear stress developed to bearings due to the coupled vertical and transverse
temperature distribution are relatively small. Higher stresses can be expected once the effect of
uniform temperature changes are superimpose. Bridge orientation angle did not appear to have a
significant effect on temperature distributions for the orientations considered in this study. The
thermal restraint moment, 𝑀𝑍 , can reach more than 25% of the moments due to bridge self-weight.
The moments about the weak axis, 𝑀𝑦 , that develop in exterior girders are higher than the ones
that develop in interior girders, and needs more attention in bridge design. It can be, however,
neglected for interior girders during design process.

87

CHAPTER 4. QUANTIFYING STATISTICAL UNCERTAINTIES FOR
TEMPERATURE GRADIENT ANALYSIS OF BRIDGES
Introduction
Bridges are naturally subjected to environmental effects, and one of the most important effects
is temperature variation. Considering temperature effects during structural design is deemed
essential for short, medium, and long span bridges. Temperature variation is a service load that
affect bridges over the long term. Frequent shrinkage and elongation of the bridge, due to diurnal
and seasonal temperature variation, may lead to deterioration of expansion joints and bearings.
Moreover, the additional flexure stresses propagate thermal cracks at the bridge deck. Ignoring
such effects may lead to adverse outcomes under service conditions, which, in turn, may lead to
serious issues over the structure’s design life. AASHTO LRFD Bridge Design Code specifies
provisions to consider temperature variations in bridge design for strength and service limit states.
For uniform temperature change, AASHTO LRFD describes two methods to solve for the uniform
temperature change effects; procedures A and B. The difference between both methods can be
summarized in determining the maximum and minimum design temperatures, and the applicability
of each procedure depends on bridge design material; i.e., concrete, steel or aluminum and wood.
On the other hand, AASHTO LRFD code divided the United States for four solar radiation zones
to determine the vertical temperature gradient.
Current AASHTO LRFD is based on structural reliability concept to ensure meeting
serviceability and strength objectives in terms of risk level over the bridge lifespan. The objectives
are achieved by considering load factors “𝛾” that address the variability of all types of loads’
intensities and resistance factor “𝜙” that represents the uncertainties of material strength,
fabrication tolerances, and accuracy of analysis models. These load factors are calibrated based on
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theory of structural reliability. AASHTO LRFD Specifications require the consideration of
temperature induced loads and specifies load factors 𝛾𝑇𝐺 and 𝛾𝑇𝑈 for vertical temperature gradient
and uniform temperature change, respectively. The load factor for vertical temperature gradient,
𝛾𝑇𝐺 , shall be taken 0.0, 0.5, or 1.0 based on the design limit state, consideration of live load, and
the type of structure, while the uniform temperature load factor 𝛾𝑇𝑈 shall be taken 0.5, 1.0, or 1.2
based on the design limit state and type of structure. For considering uniform temperature in
concrete bridge design, AASHTO specifies load factor of 𝛾𝑇𝑈 =1.2 for estimation of induced
deformation according to strength and service limit states. Lower uniform temperature load factors
of 𝛾𝑇𝑈 =0.5 and 𝛾𝑇𝑈 =1.0 for other uniform temperature effects for strength and service limit states,
respectively. On the other hands, uniform temperature load factor 𝛾𝑇𝑈 =1.0 is stated for design steel
bridges (AASHTO 2012).
Several research efforts have concentrated on calibrating the live load factor, 𝛾𝐿𝐿 , for bridges.
Determining the statistical properties of live load received high attention in previous research
studies. Weigh-in-motion (WIM) data were collected and extrapolated for 75-year return period to
determine live load factor of highway bridges for strength limit state (Eamon et al. 2016; Kwon et
al. 2011; Nowak 1999). Other research studies investigated live load factor of highway bridges
using WIM data and extrapolate it to different return periods for calibrating live load factors for
highway bridges according to service and fatigue limit states (Modjeski and Masters et al. 2014;
Wassef et al. 2014). Moreover, live load factor for other types of structures were investigated. For
example, live load for designing parking garage was calibrated based on strength limit state criteria
(Wen and Yeo 2001).
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The statistical characteristics of temperature effects on bridges have also been studied, but to a
far lesser extent than live load effects. The Joint Committee on Structural Safety, JCSS, proposed
probability distribution types for uniform temperature and vertical temperature difference
component for bridges (JCSS 2001). A Weibull distribution is recommended for modelling the
uniform component of temperature variations. However, for the vertical temperature difference
component, Weibull distribution or three-parameter lognormal distribution are recommended. In
another study, temperature probability distribution of stay cables at cable-stayed bridge was
investigated by monitoring one-year temperature (Hou et al. 2020). The study found that a Beta
distribution function is the best fit for cable temperature load.
To the knowledge of the author, calibrating the vertical temperature gradient load factor has
been not investigated based on the open literature. However, few research studies investigated the
calibration of live load factors for serviceability limit states. Guidelines for calibrating live-load
factor for concrete bridges corresponding to service limit states have been proposed (Modjeski and
Masters et al. 2015; Wassef et al. 2014). Determining the statistical characteristics, bias, coefficient
of variation, and the corresponding probability distribution type, for a bridge load is the primary
step to be able to perform structural reliability calibration of appropriate load factors to be used in
AASHTO LRFD Design Specifications. For temperature loads, the maximum daily temperature
has to be first analyzed. Then, the analysis results based on limited monitoring periods have to be
extrapolated to obtain the extreme value of temperature load over the design life of the structure.
Extrapolation of extreme value of temperature load over the design life of the structure is
achievable using Extreme Value Theory (EVT), which has been widely used in different
applications engineering and environmental (AghaKouchak et al. 2013; Moriart et al. 2004; Ragan
and Manuel 2007).
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The focus of this study is determining the statistical characteristics based on field measurements
and extrapolating them over the design life of a bridge using the Extreme Value Theory. First,
collected monitored temperature data is analyzed, and transient heat transfer analyses are
performed to complement the collected temperature data. Probability distribution type for the
continuous random variable is determined, based on which the distribution of largest extreme value
is established. Since the statistical properties of the design life of maximum temperature load is
the focus for calibrating temperature load factor, Extreme Value Theory is used to extrapolate the
extreme value of temperature load for 75-year return period.
Collected Temperature Data
Structural health monitoring is currently widely used in bridge engineering to assess the
performance of existing and new bridges. To fulfill this study’s goals, temperature data that were
recorded through LTRC Project 08-1ST and 12-1ST will be used (Okeil 2014; Okeil et al. 2011).
Both projects aimed to assess the behavior of a positive moment continuity detail using hairpin
bars. In the investigated detail, hairpin bars were embedded in the bottom flange following
NCHRP Report 519 recommendations to serve as positive moment reinforcement in John James
Audubon Bridge (MILLER et al. 2004).
4.2.1 Bridge description
Bridge #2 of the John James Audubon Mississippi River crossing project is a continuous
prestressed concrete bridge. The monitored segment of Bridge #2 consists of three continuous
spans that extend from Bent 23 to Bent 26 as shown in Figure 4.1. The intermediate span of the
monitored segment is skewed at 45o. The width of the bridge is 38 ft (11.58 m), and is supported
by five AASHTO Bulb-T (BT-72) girders. Strains, girder end movements, rotations, and
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temperatures were monitored hourly for more than five years (Okeil et al. 2011). Herein,
temperature of the middle girder, G3, at the mid span of Span 24 that was monitored using eight
sensors at different locations over the bridge depth was used. It is worth noting that temperature
measurements for the middle girder G3 were used since the conditions at that location represent
the typical positive vertical temperature gradient; i.e., not influenced by the existence of edge
conditions due to barriers, overhangs, or bents. For example, the deck over the exterior girder, G5,
on the south side of the bridge are typically shaded by the barrier while their bottom flange may
be exposed to solar radiation, especially during winter months. These conditions may be
considered critical for a negative temperature gradient rather than a positive one, which is beyond
the scope of the current study (Hossain et al. 2014).

Figure 4.1. Plane view for John James Audubon Bridge #2 (Okeil et al. 2011)
Three surface-mounted Vibrating Wire (VW) strain gauges were installed to monitor the
temperature at heights of 68.50, 37.50, and 0.00 inches (1740, 952.5, 0 mm) measured from the
soffit of the girders. Whilst, three sisterbars strain gauges were embedded at reinforcement
locations; at deck reinforcement at height of 77.50 in. (1968.5 mm) and at girders’ prestressing
strands at 68.50 in. (1740 mm), and 2.50 in. (63.5 mm). Moreover, two strandmeters were
embedded at top and bottom flanges, specifically at heights 70.25 in. and 2.50 in. (1784.5 mm and
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63.5mm) as shown in Figure 4.2. More details about the instrumentation of the monitored segment
can be found elsewhere (Okeil et al. 2013).

Figure 4.2. Temperature sensor locations at middle girder G3 in John James Audubon Bridge
#2 (1 in. = 25.4 mm; 1 ft = 304.8 mm)
Maximum Daily Temperature Difference
As stated earlier, the aim of this study is to analyze collected temperature data statistically for
the purpose of conducting future reliability based calibrations of the temperature gradient load
factors. Since bridge engineers care about the relative temperature, or temperature difference,
rather than the absolute temperature, temperature measurements were related to the top sensor
readings. In other words, sensors’ temperatures were subtracted from the top sensor’s temperature
at height 77.5 in. (1968.5 mm); i.e., 𝑇77.5 − 𝑇𝑖 , where 𝑇 is sensor temperature. The maximum
difference, which typically is related to the web sensor readings, was identified on an hourly basis
resulting in 24 temperature difference values per day. From these results, the maximum daily
temperature differences were extracted for each day. It is worth noting that for doubled-sensor
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locations, the average temperature was estimated such that each height has a single temperature
value. The negative temperature differences were removed as this study focuses on investigating
the distribution type for positive temperature gradient only. It is important to state that bridge
temperature were measured in two phases. Phase 1 started from January 2009 until December
2011, and the second phase included temperature measurements from February 2012 to February
2015. Figure 4.3 shows the time history of the measured maximum daily temperature differences,
which includes 1839 data points.

Figure 4.3. Maximum daily temperature difference for middle girder in John James Audubon
Bridge
Transient Heat Transfer Analysis
Since the maximum daily temperature differences were estimated with respect to the top sensor
at height 77.5 in.; i.e., at the middle of the bridge deck, the full extent of the temperature difference
that happens relative to the top of the deck was not captured. It is well known that the top of the
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bridge deck experiences the highest temperature, especially in the summer, due to high solar
radiation, high ambient air temperature, and low convection heat transfer (Dilger et al. 1983).
Consequently, before investigating the probability distribution type of maximum daily temperature
differences, heat transfer analysis was performed to complement the missing temperature at the
top of bridge deck.
Three dimensional (3D) transient heat transfer analysis was performed for a segment in the
continuous prestressed concrete bridge case study, John James Audubon Bridge #2, using a
computer-based software TAITherm to obtain temperature at the top of the bridge deck
(ThermoAnalytics 2019). TAITherm is a modelling tool that is capable of simulating 3D steadystate or transient-state heat transfer analysis; resulting in the temperature field of any system based
on real local environmental conditions. In this study, TAITherm was used for conducting 3D
transient heat transfer analysis of a full model of the bridge case study. As it is known that the
temperature, 𝑇, at any point over the bridge cross section at any time, 𝑡, is governed by the threedimensional transient heat conduction differential equation (Dilger et al. 1983; Elbadry and Ghali
1983) given by

𝜌𝑐

𝜕𝑇
𝜕𝑡

𝜕2 𝑇

𝜕2 𝑇

𝜕2 𝑇

= 𝐾 (𝜕𝑥 2 + 𝜕𝑦 2 + 𝜕𝑧 2 ) + 𝑄

(4-1)

where 𝜌 is the material density, 𝑐 is the specific heat, 𝐾 is the isotropic coefficient of thermal
conductivity, 𝑄 is the rate of heat per unit volume , and 𝑥, 𝑦, and 𝑧 are the coordinates of the point.
The transient heat transfer analysis in TAITherm was conducted using the natural weather
environment option. This option allows users to specify real natural outdoor weather conditions
that affect the structure. The natural weather condition was defined by creating a weather file that
contains weather parameters affecting heat transfer to and from the structure.
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4.4.1 Weather File
The weather file has to be created such that includes real weather parameters from a weather
service source (ThermoAnalytics 2019). The weather file includes the geographical location of the
structure; i.e., latitude and longitude, time zone and elevation above the sea level, in addition to
detailed date and time of the specific period, for which the model will be analyzed. In addition,
wind speed and direction, air temperature, relative humidity, barometric pressure, solar radiation
intensity, solar irradiation, chance of precipitation, rain temperature, and level of sky cloudiness
on a scale from 0 (clear) to 10 (total overcast) are among the most important parameters defined
in weather file. TAITherm solves for other weather parameters such as, solar zenith and azimuth
angles, effective sky temperature, and sky irradiation. For the John James Audubon Bridge site,
the latitude and longitude are 30.61o N, and 91.598o W.
Three weather files for three summer days were separately prepared for the analyses. The three
days were selected taking into account the measured maximum daily temperature differences,
𝑇77.5 − 𝑇𝑖 . The first selected day is July 2nd, 2014 which corresponds to the maximum measured
daily temperature of 20.3°F (11.3°C) as shown in Table 4.1. The other two days were selected
randomly representing the distribution of measured maximum daily temperature. The 3D model
was developed and meshed in ANSYS, a commercial finite element analysis software, and then
exported into TAITherm software due to the complexity of developing and meshing the model in
TAITherm (ANSYS 2008; ThermoAnalytics 2019). The three-dimensional model is created in
ANSYS software using SOLID65 solid elements. All solid elements are encased with SHELL181
shell elements for more accurate heat conduction analysis in TAITherm (ThermoAnalytics 2019).
Shell elements were defined with a negligible thickness of 0.001 in. (0.025 mm). In the transient
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heat transfer analysis, the influence of solar radiation, surface radiation, heat conduction, and wind
convection were taken into account.
Material properties and boundary conditions for each part were assigned into TAITherm.
Bridge girders, haunches, deck, and barriers were defined as concrete material with a surface
emissivity coefficient equal to 0.88. While, the elastomeric bearing pads were defined as hard
rubber with 0.92 surface emissivity coefficient. Surface emissivity coefficient has to be defined to
calculate how much heat is absorbed and emitted by each part, in addition to calculating the amount
of irradiated heat for each part. Moreover, the amount of heat transferred by convection, which is
based on wind convection, was defined by area multiplier, which represents the percentage of the
modeled surface that is exposed to wind convection (ThermoAnalytics 2019). Different values of
wind area multiplier was considered to minimize the error between field measurements and results
from transient heat transfer analysis. Area multiplier of 0.90 resulted in a good agreement with
field measurements. The terrain around the bridge was defined as an imaginary plane with soil
material properties, which is modeled with moderate moister content surface equal to 0.20. The
natural weather environment option was selected to perform transient heat transfer analysis based
on the aforementioned weather files prepared for the site.
A plan view of the TAITherm model can be seen in Figure 4.4-a showing 28° orientation angle
of John James Audubon Bridge segment#2 with respect to the North direction, which coincides
with x-axis in TAITherm. Figure 4.4-b shows the bridge components on 3D model: girders,
haunches, deck, bearings, and concrete barriers. It is worth noting that although the girders of the
bridge segment is skewed with an angle of 45°, the skewness was not modeled in TAITherm as
shown in Figure 4.4, for two reasons. First, modeling a non-skewed bridge is much simpler given
the complexity of the multi-physics analyses conducted in this study. More importantly, the effect
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of skewness on temperature distribution is insignificant, as it does not change the physics of the
thermal conditions of the superstructure, especially since the focus is on thermally induced
moments in the bridge girders.

(a)

(b)

Figure 4.4. TAITherm analysis model of the John James Audubon Bridge: a) plan view; and
b) 3D model showing bridge components
4.4.2 Validation of Transient Heat Transfer Analysis
To validate the TAITherm model, temperatures were extracted and compared to field
measurements. Figure 4.5 shows a comparison between measured field temperatures, referred as
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measured, and the TAITherm estimated temperatures, referred as estimated, at sensor locations
over the depth of the middle girder (G3) for 21st of July 2009, starting from 12:00 am until 23:00
pm. Figure 4.5-a shows temperature variation at bridge deck, for the sensor at a height of 77.5 in.
(1968.5 mm). The peak temperature at the bridge deck was captured at 4:00 pm. Results
corresponding to the sensors located at the top flange are presented in Figure 4.5-b and c. It can be
noticed that the peak temperature was captured later than that for the deck due to the time needed
for heat conduction through concrete deck and haunch. The maximum difference between
estimated and measured temperatures in the web sensor was found to be 12% as shown in Figure
4.5-d, which can be considered reasonable in structural applications given the number of variables
involved in the analysis and the uncertainties inherent in them. However, the estimated peak
temperature in TAITherm was noticeably higher than the measured one. This may be due to the
fact that the surrounding territory was modeled as soil with 0.2 moisture content, while a water
stream passes underneath the monitored bridge in addition to excessive vegetation, which are
known to decrease the surrounding air temperature resulting in lower temperature values for the
underside of the bridge. Consequently, the delay between measured and estimated temperatures
may occur due to the simplification of simulating the surroundings.
For the temperature variations at the bottom flange, results captured maximum differences of
13% and 19% between the measured and estimated temperatures at depths of 2.5 in. (63.5 mm)
and 0.0 in. (0.0 mm), as shown in Figure 4.5-e and f, respectively. This can be accounted for the
simplifications in the simulated model, such as ignoring the skewness of the Span 24, and ignoring
modelling of the bents or piers that supporting the bearings. Furthermore, results showed delay
between the measured and estimated peak temperatures for both locations, which may occur due
to the simplification of simulating the surroundings or other environmental factors that affect the
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surface mounted sensors. Overall, the estimated temperatures shows good agreement with the
measured temperatures. The temperature differences were considered acceptable for the purpose
of this study, which is to estimate the unmeasured temperature difference between the sensor
embedded in the deck and the top of the deck.
Figure 4.6 shows the vertical temperature distributions as obtained from the TAITherm model.
The shown temperature results were extracted at the time-step that gave the maximum temperature
gradient. Results from the analyses of three days showed that the maximum temperature gradients
were captured at different times. This is attributed to the different weather characteristics included
in weather files. For example, the maximum vertical temperature gradients were captured at 2:00
pm for July 2nd, 2014 and July 18th, 2012, while temperature gradient was captured at 4:00 pm for
July, 21st, 2009.
Temperature difference between the top and the middle of the bridge deck, 𝑇81.5 − 𝑇77.5 were
determined from the obtained TAITherm results. Table 4.1 lists the maximum daily temperature
differences from measured field data and the corresponding temperature difference between the
top and middle of the bridge deck from TAITherm for the three selected days.

Table 4.1.Transient heat transfer analysis results for temperature differences
Model

Day

Measured Maximum daily temperature (°F)

𝑇81.5 − 𝑇77.5 (°F)

1

July 2nd,2014

20.3

14.46

2

July 18th, 2012

19.3

10.4

3

July 21st, 2009

13.6

7

100

(a) 1968.5 mm (77.5 in.)

(b) 1784.5 mm (70.25 in.)
100

Estimated

50

0:00

20:00

16:00

12:00

8:00

4:00

0:00

0:00

Estimated

50

Measured

60

Time

Time

(c) 1740 mm (68.5 in.)

(d) 952.5 mm (37.5 in.)
100

Measured

60

Estimated

50

Time

0:00

0:00

16:00

12:00

8:00

4:00

0:00

50

20:00

Estimated

20:00

60

70

16:00

Measured

12:00

70

80

8:00

80

90

4:00

90

0:00

Temperature, T (°F)

100

Time

(e) 63.5 mm (2.5 in.)

(f) 0.0 mm (0.0 in.)
100

80
70

Measured

60

Estimated

90
80
70
Measured

60

Estimated

16:00

8:00

4:00

0:00

20:00

16:00

12:00

8:00

4:00

0:00

Time

0:00

50

50

Time

Figure 4.5. Validation of TAITherm analysis for the middle girder on 21st July, 2009
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0:00

90

20:00

Temperature, T (°F)

Temperature, T (°F)

100

12:00

Temperature, T (F)

0:00

60

70

20:00

Measured

16:00

70

80

12:00

80

90

8:00

90

4:00

Temperature, T (°F)

Temperature, T (°F)

100

(b)

(c)
81.5

65.2

65.2

65.2

48.9
32.6
16.3

48.9
32.6

90

100

110

48.9
32.6

16.3

16.3

0

0

0
80

Height (in.)

81.5

Height (in.)

Height (in.)

(a)
81.5

120

80

Temperature (°F)

90

100

110

Temperature (°F)

120

80

90

100

110

Temperature, T, (°F)

Figure 4.6: Vertical temperature gradients for bridge girders at; a) 2:00 pm on July 2, 2014, b) 2:00 pm on July 18,
2012, and c) 4:00 pm on July 21, 2009. (1in. = 25.4 mm)

Linear regression analysis was performed to obtain a simple linear equation for estimating the
temperature difference between the middle and the top of the deck, 𝑇𝑎𝑑𝑑 . The dependent variable
is the additional temperature difference, 𝑇𝑎𝑑𝑑 , which will be added to the maximum measured
daily temperature, 𝑇𝑚𝑎𝑥.

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 ,

which is taken as independent variable. The regression

coefficients were found 0.5 and 4.5.
𝑇𝑎𝑑𝑑 = 0.5 ∗ 𝑇𝑚𝑎𝑥.

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑

+ 4.5 °𝐹

(4-2)

Consequently, the random variable representing the maximum daily temperature can be
estimated by adding the additional temperature differences to the measured maximum daily
temperature differences. In the next section, the probability density function of the maximum
positive daily temperature will be discussed.
Probability Distribution of Maximum Daily Temperature
The probability density function, PDF, for the continuous random variable of maximum
positive daily temperature difference is required for conducting reliability analysis of limit states
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involving temperature effects. A continuous random variable will first be established based on the
measured bridge temperature data for five years discussed in the previous section. Probability
density function maps an event’s variations of a continuous random variable. Characterizing a PDF
involves determining the distribution type for the maximum positive daily temperature difference,
and determining the statistical properties; bias and coefficient of variation, that can be used for
calibration of appropriate load factors that meet LRFD target risk levels. The variations of the
maximum positive daily temperature difference is shown in Figure 4.7.
To figure out the probability distribution of the maximum positive daily temperature, five
common distribution types, namely Normal, Lognormal, Weibull, Extreme Type I, and Beta
distributions have been tested for assessing the best goodness-of-fit of the available data points
using the Chi-Square test. The data were plotted on normal probability paper in Figure 4.8 to assess
whether the maximum positive daily temperature difference follows a normal distribution. Results
obviously indicated that the normal distribution type does not fit the data because of the departure
from the straight line especially around the tails, which controls the results of reliability analyses.
The five studied probability density distribution types are plotted in Figure 4.9 along with the
histogram of the observed field data for comparison purposes. Results from Chi-square test results
showed that the Beta distribution is the best-fit distribution type for the maximum positive daily
temperature since it was resulted in the least sum of squared error.
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Figure 4.7. Variations of maximum positive daily temperature difference over 5 year
monitoring period
Beta distribution is a general family of statistical distribution that describes a continuous
random variable on interval of [0,1] according to Equation (4-3) given the two shape parameters
𝑎 and 𝑏., where 𝛤() is Gamma function. The standard form of Beta density Function is illustrated
in Equation (4-4), in which the continuous random variable is normalized. In this study, the
maximum positive daily temperature differences were normalized, and shape parameters were
found to be 𝑎 = 4.308 and 𝑏 = 2.872 determined using maximum likelihood estimates.

𝐵(𝑎, 𝑏) =

𝑓𝑋 (𝑥) =

𝛤(𝑎)𝛤(𝑏)

(4-3)

𝛤(𝑎+𝑏)

(1−𝑥)𝑏−1 𝑥 𝑎−1
𝐵(𝑎,𝑏)

𝛤(𝑎+𝑏)

= 𝛤(𝑎)𝛤(𝑏) (1 − 𝑥)𝑏−1 𝑥 𝑎−1

0 < 𝑥 < 1; 𝑎, 𝑏 > 0
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(4-4)

Figure 4.8. Normal probability plot for maximum positive daily temperature difference over 5
year monitoring period

Figure 4.9. Different probability distributions for maximum positive daily temperature
difference over 5 year monitoring period

105

Extreme Value Theory
In the previous section, the PDF of maximum daily temperature difference over a 5-year
monitoring period was established. The statistics for this set of data are good for a design life equal
to the monitoring period; i.e., 5 year. Design codes typically target a much longer design life, e.g.
75 years in the case of AASHTO LRFD. To extrapolate the observed statistical characteristics for
the maximum daily temperature difference over the target design life, the Extreme value theory,
EVT, was used. EVT is a powerful statistical tool that can help to quantify tail behavior of an
independent identically distributed random variable by providing the statistical properties of
extreme values; i.e., mean and standard deviation, and distribution type of largest or smallest
values in the dataset and future extremes. Extreme values are the largest, or smallest, observations
sampled with size 𝑛 from a population. Consider a sample of size 𝑛 is drawn from independent
identically distributed random variable population, 𝑋. Extreme value theory, analogous to Center
Limit Theory CLT for mean, states that the probability distribution of largest extreme value, 𝑀𝑛 ,
extracted from the sample has a limiting distribution that converges the Generalized Extreme
Value, 𝐺(𝑥), distribution:
𝑀𝑛 −𝑎𝑛

lim 𝑃𝑟 (

𝑛→∞

𝑏𝑛

< 𝑥) → 𝐺(𝑥)

(4-5)

where 𝑎𝑛 and 𝑏𝑛 are normalizing constants (AghaKouchak et al. ; ANG and TANG 1984; Coles
2001). The Generalized Extreme Value distribution is a distribution family that has three forms,
Type I (Gumbel), Type II (Frechet), and Type III (Weibull). Generalized Extreme Value
distribution is defined by three parameters; location parameter 𝑢, scale parameter𝛼, and shape
parameter 𝜉, as given in Equation (4-6). As will be explained later, the cumulative distribution

106

function, CDF, for Type I distribution that is also known as Gumbel distribution with 𝜉 = 0 is of
interest in this study.

𝐺𝑋 (𝑥) = 𝑒𝑥𝑝 (− [1 + 𝜉(

𝑥−µ
𝛼

1
𝜉

−

)] )

(4-6)

Extrapolation of Largest Extreme Load Values
The sample of extreme values of the maximum positive daily temperature difference can be
determined using two approaches; block maxima approach and peak over threshold, POT,
approach. In this study, the POT approach was used to define the largest extreme value sample,
and define the statistical properties of extremes. Determining an appropriate threshold is crucial
since selecting an extremely high threshold will lead to only a few critical data points being
included in the extreme value sample. This affects the sample bias and probability distribution as
it will focus on the higher and more critical data points in the data set. Conversely, selecting
relatively small threshold affect the sample variance. Herein, four different threshold values were
selected for the best representation of the extreme values. Selected thresholds were obtained from
literature as √𝑛, top 5%, top 10%, and 𝑛2/3 /log(log(𝑛)) (DuMouchel 1983; Eamon et al. 2016;
Ferreira et al. 2003; Loretan and Phillips 1994). Table 4.2 lists the selected thresholds and the
corresponding sample size and statistical properties. Shape, scale and location parameters were
estimated based on maximum likelihood method for each of the samples. The results shown in
Table 4.2 indicate that increasing the threshold value decreases the scale parameter, 𝛼, which is
indication for data variations. Moreover, the location parameter, 𝑢, which is an estimator for the
mean but is not the true mean, decreases with decreasing the threshold. It can be seen that threshold
value corresponding to √𝑛 is relatively high that only 39 data points are included in the sample,
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while the threshold of 𝑛2/3 /log(log(𝑛)) is relatively low such that affects the scale parameter of
the data sample. In this study, a threshold of 30.07°F (16.8°C) and 28.65°F (16.8°C) corresponding
to the top 5% and 10% of the maximum positive daily temperature difference were selected for
extrapolating the extreme value.
Table 4.2. Statistical properties of selected samples with different thresholds
Threshold

Sample

Shape

Scale

Location

°F

size

parameter

parameter

parameter

𝜉

𝛼

𝑢

√𝑛

31.35

39

0.119

0.547

31.98

Top 5%

30.07

75

0.022

0.844

31.01

Top 10%

28.65

150

0.163

0.963

29.7

26.95

260

0.09

1.26

28.47

𝑛2/3 /𝑙𝑜𝑔(𝑙𝑜𝑔(𝑛))

Figure 4.10 shows the probability distributions for extreme value samples defined as top 5%
and top 10% of the data set, maximum positive daily temperature difference. The sample of top
5% has a very small shape parameter, almost zero. Thus, the probability distribution function is
considered as a Gumbel, GEV Type I, distribution. The top 10% sample also has a small shape
parameter of 0.163 as shown in Table 4.2, which was approximated to zero as well. It is clear from
Figure 4.10 that the PDF of the top 5% sample is shifted to the right due to higher location
parameter and mean vlaue of 31.52°F (17.51°C), compared to the top 10% sample with mean of
30.40°F (16.89°C). Additionally, the top 5% extreme value sample has less variation in the data
with a standard deviation of 1.07°F (0.60°C), which is lower than the standard deviation for the
top 10% sample, 1.38°F (0.77°C).
It is important to mention that, other probability distributions for top 5% and 10 % samples
have been investigated to ensure the least sum of square error is at a minimum for the tried
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distributions (normal, lognormal, and GEV). Chi-square tests revealed that the GEV Type I
distribution is the best fit for both POT samples.
In this study, the mean and standard deviation of the random variable representing the
maximum positive daily temperature difference over the target design life were determined by
extrapolating the probability distributions shown in Figure 4.10. The extrapolation of maximum
temperature load over a return period of 75-year design life was performed based on the principles
of Asymptotic Theory of Statistical Extreme (ANG and TANG 1984). For a sample with a
sufficiently high sample size 𝑛, extrapolated for

a specific return period, the probability

distribution of extreme value approaches one of asymptotic distributions based on the original
probability distribution function of extreme value, Figure 4.10.

Figure 4.10. Gumbel probability distribution for extreme value of maximum positive daily
temperature difference for top 5% and 10% POT samples and 75-year extrapolated curves
The distributions of extreme value of temperature load for the selected thresholds were
determined to be a generalized extreme value Type I based on extreme value theory with CDF:
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5 𝑦𝑟𝑠

𝐹𝑋

(𝑥) = exp(−exp(−

𝑥−𝑢
𝛼

))

(4-7)

The cumulative distribution function of extrapolated extreme value of temperature load for 75year return period is expressed by:
75 𝑦𝑟𝑠

𝐹𝑋

(𝑥) = [𝐹𝑋5 𝑦𝑟𝑠 (𝑥)]

𝑁

= exp(−exp(−

𝑥−𝑢𝑛
𝛼𝑛

))

(4-8)

where 𝛼𝑛 is the scale parameter and 𝑢𝑛 is the location parameter of 75-year extrapolated extreme
temperature load. For a Gumbel distribution, the scale parameter over 75-year return period
remains the same as the shape parameter of the original distribution due to its stability postulate
property (AghaKouchak et al. 2013; Coles 2001; Kwon et al. 2011). However, the location
parameter can be estimated as:
𝑢𝑛 = 𝑢 + 𝛼 ∗ 𝐿𝑛(𝑁)

(4-9)

where 𝑁 is the number of expected extreme events in 75-year return period. The mean maximum
value of the extrapolated data, 𝜇𝐿 , and standard deviation of mean maximum value, 𝜎𝐿 , can be
determined using the following equations (ANG and TANG 1984).
𝜇𝐿 = 𝑢𝑛 + 𝛾 𝛼𝑛
𝜎𝐿 =

𝜋
√6

(4-10)

𝛼𝑛

(4-11)

Using Equations (4-10) and (4-11) for the determined distributions of the selected threshold
samples, the mean maximum value, 𝜇𝐿 , was found to be 37.46°F and the corresponding standard
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deviation of mean maximum value, 𝜎𝐿 , was 1.08°F. These results are calculated for the top 5%
extreme value sample. Higher value of the mean maximum temperature load of 37.68°F, with a
higher standard deviation of 1.23°F were determined for the threshold sample corresponding to
top 10% extreme value due to the higher scatter of the initial 10% sample compared to the initial
top 5% sample, which affects the scale parameter of top 10% sample. Additionally, the higher
number of events included in the top 10% sample resulted in higher expected extreme events over
75-year return period, which increases the variance of the extrapolated sample and, in turn,
increases the mean maximum value. The probability distributions and cumulative distributions for
the top 5% and top 10% of extreme temperature load and extrapolated extreme temperature load
for 75 years are shown in Figure 4.10 and Figure 4.11, respectively.

Figure 4.11. CDFs of maximum positive temperature difference extreme values and
corresponding extrapolations
According to AASHTO-LRFD, Louisiana is located in Zone 2, for which the maximum
temperature difference in the design temperature gradient is 46°F. The mean of the extrapolated
value for the temperature difference implies that the bias is 0.814 and the coefficient of variation
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is 2.89% for the top 5% threshold sample. The corresponding values for the 10% threshold sample
are slightly different; bias is 0.819 and the coefficient of variation is 3.27%. The statistical
distribution of the extrapolated extreme value temperature is Gumbel (Type I) extreme value
distribution. These statistical properties are what will be used in the calibration of the load factor,
𝛾𝑇𝐺 , to design bridge components for temperature gradients. Current AASHTO LRFD provisions
specify values of 𝛾𝑇𝐺 =0.0 for strength and extreme events limit states, 𝛾𝑇𝐺 = 0.5 for service limit
state with considering live load, or 𝛾𝑇𝐺 =1.0 in case that live load is not considered.
Conclusions
In this study, the probability distribution function of temperature gradient load on prestressed
concrete bridges has been investigated. Temperature data used in this study was collected during
monitoring the behavior of continuity detail employed in the John James Audubon Bridge over a
five-year period. Temperature data was analyzed and the maximum positive daily temperature
difference was estimated. Temperature at the top surface of the bridge deck was estimated by
conducting transient heat transfer analysis using TAITherm software to get full extend of
maximum positive daily temperature difference. Extreme value of maximum positive daily
temperature difference was statistically analyzed based on extreme value theory. Asymptotic
distribution of the extrapolated extreme value of maximum positive daily temperature difference
for 75-year design life was also investigated. From this study, the following conclusions can be
drawn:


Chi-Square test showed that a Beta probability distribution is the best-fit distribution
type for original data set of maximum positive temperature difference compared with
normal, lognormal, Gumbel, and Weibull distributions.
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Extreme value theory was used to determine the distribution of extreme value of
maximum positive daily temperature difference using peak over threshold approach.
Different thresholds were investigated to obtain a reasonable sample that represents the
extreme value. Two thresholds were used in this study, top 5% and top 10% of the
maximum positive daily temperature difference. Generalized extreme value distribution
Type I, Gumbel distribution, resulted in the best-fit distribution type for extreme value.



The probability distribution function of the extrapolated extreme value to 75 years,
design life of bridges, was determined to be a Gumbel distribution using the asymptotic
theory of statistical extreme. The mean maximum of maximum daily temperature
difference and the standard deviation were found 37.46°F and 1.08°F, respectively,
corresponding to the top 5% of the original data. The lower threshold value, top 10%,
resulted in a mean maximum value of 37.68°F, and a higher standard deviation of
1.23°F.



Mean maximum of temperature load extrapolated for 75 years was found less than the
AASHTO LRFD specifications for Zone 2, which is specified as 46°F. The implications
of the discrepancy between the extrapolated data and the values specified in AASHTO
LRFD on the temperature gradient load factor, 𝛾𝑇𝐺 , are investigated in another study.



TAITherm software is able to predict the temperature field for bridges. Validated results
from heat transfer analysis showed a good agreement with field measurements.
Consequently, heat transfer analysis is capable of substitute the missing temperature at
the top of the bridge deck so as to constitute a real data for maximum daily temperature
occurred at bridge girder.
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CHAPTER 5. CALIBRATION OF TEMPERATURE GRADIENT LOAD
FACTOR FOR SERVICE LIMIT STATE DESIGN OF
CONCRETE SLAB-ON-GIRDER BRIDGES
Introduction
The allowable or working stress design, ASD or WSD, method was adopted for the design of
reinforced concrete structures by AASHTO for decades. In ASD, a factor of safety is introduced
to ensure that the stress induced by service load combinations is less than a specified allowable
stress, which implies that the same safety factor is applied to all load types. In other words, the
difference in the uncertainties of various load types is not considered. To address this shortcoming,
AASHTO adopted the Load and Resistance Factor Design, LRFD, philosophy in its current
specifications in the 1990s. In LRFD codes, the uncertainties in loads and resistance are
considered, and load and resistance factors are calibrated using the theory of structural reliability.
Sources of uncertainties in structural design include statistical limits, model accuracy, inherent
randomness, and human error are described in details in Bulleit (2008). The goal of reliability
analysis is to assess a structure’s risk level and to calibrate the design factors so that the design
provisions produce acceptable risk levels. Modelling of failure is described mathematically by a
limit state function, or performance function, which can be considered as the boundary between
safe and unsafe designs. MacGregor (1976) conducted one of the earliest studies on the concept of
design limit states and the methods used for deriving the load and resistance factors.
Since the 1970s, several research efforts focused on calibrating load factors for gravity loads
based on strength limit state criteria. Ellingwood et al. (1980), introduced the statistical
characteristics for load and resistance parameters, and recommended load factors for dead, live,
snow, wind and earthquake load cases, and resistance factors for buildings and other structures
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based on reliability theory. Determining live load factors for bridge design received a lot of
attention. Michigan DOT and Ontario Ministry of transportation investigated live load statistical
characteristics for bridge design, which were then used to calibrate load factors for different
average daily truck traffic, ADTT (Nowak 1999). This work was adopted in first edition of
AASHTO LRFD (1994). Since highway live load characteristics sometimes differ between states,
some DOTs started to recalibrate the live-load factors considering local load conditions. Lindt et
al. (2005) determined the reliability index for 20 bridges covering four major bridge types using
weigh-in-motion data collected from nine highway bridge sites in the State of Michigan. Results
showed that the calculated reliability indices were less than the target reliability index used in the
calibration of AASHTO LRFD. In another study from Michigan, the live load factor for highway
bridges was recalibrated considering bending moments and shear forces for bridges with different
span lengths (Eamon et al. 2016). The study recommended different load factors for long and
short-span bridges to achieve uniform level of reliability; i.e., β is not less than 3.0 for individual
girder and not less than 3.5 for all bridge types, for moment and shear load effects. Kwon et al.
(2011) developed a simple equation to estimate live load factor based on live-load data collected
over a 5-year period from different weigh-in-motion stations in the State of Missouri. The
recalibration process was performed using the first order reliability method, FORM, for Strength
I limit state and different average daily truck traffic (ADTT) values. Results showed that the
reliability index values for shear and moment were greater than 3.50. Furthermore, Nowak and
Iatsko (2017) calculated load and resistance factors for strength limit state for shear and flexural
load effects. A reduction of 10% for the resistance factors specified in AASHTO LRFD were
recommended for steel and prestressed concrete girders in the current code to maintain consistent
load factors for different construction material.
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The aforementioned efforts focused on strength limit states. In comparison, there is limited
literature on the calibration of service limit states for bridge design. This can be attributed to the
challenges in setting definitions for failure under a service limit state and the consequences of such
failure. Failure does not necessarily mean damage in service limit states. Rather, it means that a
design criteria, such as beam deflection, crack width limit, and allowable tensile stress, are not
met. In other words, exceeding serviceability limits are less consequential than they are for strength
limit states. Furthermore, one of the challenges in calibration of service limit state is defining the
resistance, which may vary with time and be correlated with loads unlike in the case of strength
limit states (Wassef et al. 2014). Moreover, structural resistance can be affected by workmanship
during construction and operation, and geographical location; i.e., pollution, and climate (Wassef
et al. 2014). Because of the aforementioned reasons, defining acceptable criteria for service limit
state is another challenge since they are subjective and rely on experience. The cost of maintenance
and repair that a bridge needs if the design criteria are exceeded is another source of calibration
challenges. All of these reasons make it difficult to set a reasonable target reliability index for
service limit states to achieve a uniform reliability in AASHTO LRFD.
In 2009, the National Cooperative Highway Research Program (NCHRP) sponsored a project
(12-83) to embark on an effort to calibrate the concrete bridge design provisions in AASHTO
LRFD specifications for serviceability, from which NCHRP Report 201 was published (Wassef et
al. 2014). AASHTO LRFD provisions are calibrated for a target reliability index of 3.5, which
corresponds to a probability of failure of about 0.0002. Calibration for service limit states is,
however, different. Wassef et al. (2014) characterized the statistical parameters for live load
effects; i.e., moment and shear, and proposed a framework to perform reliability analysis for
service limit states and calibrate the load factors. Reliability index, 𝛽, values for Service I limit
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state for checking crack width criteria, and for Service III limit state for checking stress limit
criteria were determined by analyzing existing and simulated prestressed concrete bridges. The
existing bridges were selected from NCHRP Project 12-78, which covers different girder types
including I-girders, bulb-T and adjacent box girders (Mlynarski et al. 2011). The simulated bridges
included simple-span bridges with different span length, girder spacing, and were designed for
severe and moderate corrosion conditions. Highly variate reliability indices, 𝛽, resulted from this
investigation ranging from 𝛽 ≈ 0 to 3.36 depending on service limit state criteria, traffic volume
ADTT, live load factor and allowable tensile stress used in the design. Ghasemi and Nowak (2016)
calibrated the live load factor for Service II limit state to check deflection criteria for steel bridges.
The study concluded that a target reliability index for service limit states considering the deflection
criteria should be zero. In another study through the second Strategic Highway Research Program
(SHRP 2),a framework for calibrating live load factor for different service and fatigue limit states
over a 100-year return period was developed (Modjeski and Masters et al. 2014). Target 𝛽 values
were calculated for different limit states’ criteria, traffic volume ADTT, allowable tensile stress
used in the design, and environmental conditions. The study covered determining the load factor
for Service III limit state for tensile stress in prestressed concrete beams. Target 𝛽 𝑣𝑎𝑙𝑢𝑒𝑠 of 1.25
and 1.5 were proposed for bridges in normal and severe environmental exposure, respectively. The
report also recommended changes for the live load factor specified for use in Service III limit state
calculations.
The open literature shows that the calibration of the vertical temperature gradient load factor
has not been investigated. Ghosn et al. (2003) suggested that the lack of calibration efforts of
vertical temperature gradient can be attributed to the lack understanding of the significance of
temperature gradient effects. Another reason may be the unavailability of statistical models for
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temperature gradient effects on continuous bridge structures. The authors are only aware of two
studies that addressed the statistics of temperature changes in bridge design. The Joint Committee
on Structural safety, JCSS, proposed probability distribution types for uniform temperature and
temperature difference variations in bridges (JCSS 2001). A Weibull distribution is recommended
for modelling the uniform temperature change. However, a Weibull distribution or three-parameter
lognormal distribution are recommended for the temperature difference component. Hou et al.
(2020) investigated the probability distribution type of stay cables temperature variations at cablestayed bridge that was monitored for one year. The study found that a Beta distribution function is
the best fit for cable temperature variations.
AASHTO LRFD specifies three values for the vertical temperature gradient load factor, 𝛾𝑇𝐺 ;
namely 𝛾𝑇𝐺 = 0.0 for strength limit state, 𝛾𝑇𝐺 = 0.5 for service limit states in case of considering the
live load, and 𝛾𝑇𝐺 =1.0 in case of not considering the live load in service limit state design. In
addition, the uniform temperature load factor, 𝛾𝑇𝑈 , is specified to be 0.5, 1.0, or 1.2 based on the
design limit state and type of structure. For considering uniform temperature in concrete bridge
design AASHTO LRFD specifies a load factor of 𝛾𝑇𝑈 =1.2 for deformation induced by uniform
temperature in concrete bridge design. The corresponding uniform temperature load factor is 1.0
for design steel bridges. A lower uniform temperature load factor, 𝛾𝑇𝑈 , equal to 0.5 is specified
for strength limit states(AASHTO 2012).
In this study, the focus will be on calibrating the positive vertical temperature gradient load
factor for Service III limit state for continuous prestressed concrete bridges in tandem with live
loads. The model developed in CHAPTER 4. CHAPTER 4. addresses the statistical parameters
for vertical temperature gradient. It is used in a stress-based limit state function that targets the
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tensile stress for prestressed concrete girders as the design criterion. A design space consisting of
70 virtual two-span continuous bridges is constructed to perform the calibration process. Different
bridge configurations are considered in the selected bridge cases including different span lengths,
span-length ratios, girder spacings, and bridge girder types. All bridges were designed for an
allowable tensile stress of 0.0948√𝑓𝑐` corresponding to the more critical case of exposure to severe
corrosive conditions. The load effects for different load cases; dead load, wearing surface, live
load, prestressing, and vertical temperature gradient effects for Zone 2 according to AASHTO
LRFD were determined for each of the analyzed bridge configurations. First Order Reliability
Method, FORM, is then used to calibrate the load factor for vertical temperature gradient
considering three safety levels; i.e., target reliability index values. Based on the results, the first
load factors for vertical temperature gradient that are calibrated using theory of reliability are
presented.
Bridge Design Space
To perform the calibration of temperature gradient load factor, a design space consisting of 70
two-span continuous prestresssed concrete bridges was designed using AASHTO LRFD Bridge
design Specifications (AASHTO 2012). All bridges were designed using AASHTO I-girders. Four
bridge attributes are considered in the design space; girder-spacing, span length, span-length ratio,
and girder type. Five girder spacing values were considered ranging from 6 ft (1.83 m) to 10 ft
(3.05 m) in 1 ft (0.30 m) increments. The 70 bridge cases were divided into five groups, each of
which group has 14 bridge cases with a specific girder spacing. Span lengths ranging from 36 ft
(11 m) to 120 ft (36.6 m) were considered, and the span-length ratios were varied between 0.5 to
1.0. All bridges were designed assuming that the deck slab is supported by five girders. The girder
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cross section was selected using design charts used in preliminary design of bridges based on the
most critical cross-sectional attributes; i.e., the maximum span length and girder spacing. The
selected cross section was used for all spans in every case, even if their lengths varied, to allow for
establishing continuity between adjacent girders. Other bridge attributes were kept constant for all
bridge cases. This includes the thickness of bridge deck, which was taken equal to 8.0 in. (20.3
cm) for all designed bridges. Similarly, a haunch thickness of 2 in. (5.1 cm) was taken for cases.
Finally, material properties were not varied in this study. It should be noted that the bridge girders
were modeled assuming they were supported on elastomeric bearing pads for exterior and interior
supports.
Table 5.1 lists the bridge attributes for the 14 bridge cases corresponding to 6ft (1.83 m) girder
spacing. In the table, 𝐿1 is the first span length and 𝐿2 is second span length, 𝑅 refers to spanlength ratio. In this study 𝐿 refers to maximum span length, and 𝑅 is defined as the ratio between
the minimum span length to maximum span length.
After selecting the girder cross section, a detailed design was conducted to make sure that the
design satisfies serviceability and strength limit states. For Service III limit state, the number of
prestressing strands was determined to satisfy an allowable concrete stress equal to 0.0948√𝑓𝑐′ ,
which is the more conservative limit that corresponds to severe corrosive conditions. The
following design equation was used:
𝛾𝐷𝐶 (𝑓𝐺 + 𝑓𝐷+𝐻 ) + 𝛾𝑊𝑆 𝑓𝑊𝑆 + 𝛾𝐿𝐿 𝑓𝐿𝐿+𝐼𝑀 + 𝛾𝑇𝐺 𝑓𝑇𝐺 − 𝑓𝑃𝑆 ≤ 0.0948√𝑓𝑐′

(5-1)

where 𝑓𝐺 , 𝑓𝐷+𝐻 , 𝑓𝑊𝑆 , 𝑓𝐿𝐿+𝐼𝑀 , 𝑓𝑇𝐺 , 𝑓𝑃𝑆 are the flexural stresses at the critical section due to girder
self weight, deck and haunch, wearing surface, live load plus impact, temperature gradient, and
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prestressing, respectively. 𝛾𝐷𝐶 , 𝛾𝑊𝑆 , 𝛾𝐿𝐿 , and 𝛾𝑇𝐺 are the corresponding load factors as listed in
AASHTO LRFD. These stresses were determined using a three-dimensional (3D) finite element
model as is described in the next section.
After determining the number of prestressing strands to satisfy Service III limit state, Strength
I limit state was checked to ensure that the design is satisfactory. The factored nominal moment,
𝜙𝑀𝑛 , was greater than the factored ultimate moment, 𝑀𝑢 , in all cases.

Table 5.1. Bridge attributes for the first bridge group with 𝑆=6 ft (1.83 m)
Bridge case 𝑳𝟏 (𝒇𝒕) 𝑳𝟐 (𝒇𝒕)

𝑹

Girder type

1

55

55

1.0

AASHTO III

2

70

70

1.0

AASHTO III

3

95

95

1.0

AASHTO IV

4

47

62

0.76

AASHTO III

5

66

88

0.75

AASHTO III

6

81

108

0.75

AASHTO V

7

36

72

0.50

AASHTO III

8

50

100

0.50

AASHTO IV

9

55

110

0.50

AASHTO V

10

47

70

0.67

AASHTO III

11

62

93

0.67

AASHTO IV

12

80

120

0.67

AASHTO V

13

40

80

0.50

AASHTO III

14

60

120

0.50

AASHTO V

* 1 ft = 0.3048 m.
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Finite Element Model
Load effects due to self-weight, wearing surface, live load, and vertical temperature gradient
are estimated for each bridge case using a detailed three-dimensional (3D) finite element (FE)
analysis performed in the commercially available ANSYS software (ANSYS 2013). Two different
3D FE models were developed in ANSYS to estimate the load effects; thermal and gravity loads
effects. The difference between both models is in the element types used to build the model.
Thermal load effects were determined using direct coupled-field analysis, which combines the
thermal physics environment with the structural environment. The design vertical temperature
gradient for Zone 2 was applied as nodal temperature constraints to the thermal physics model.
Results from the thermal analysis were, then, applied to the structural model. The thermal physics
model was constructed using SOLID5 3D element to model bridge girder, deck, and haunch,
whereas SOLID65 3D structural elements were used to model the same elements in structural
physics model. SOLID65 elements were used to simulate structural concrete elements in the 3D
FE model for analyzing gravity load effects.
Material properties for bridge elements; bridge deck, haunches, girders, and bearings, were
selected based on typical values used in practice and were not changed in this study. Two concrete
materials were used in modeling the bridges; cast-in-place (CIP) reinforced concrete used in bridge
deck and haunch, and precast prestressed (PPS) concrete for I-girder section. The compressive
strength for CIP concrete was assumed 4,500 psi (31 MPa), and 9,000 psi (62 MPa) for the PPS
concrete. Poisson’s ratio, linear coefficient of thermal expansion and thermal conductivity were
taken as 0.22, 8 *10-6 1/°F and 1.0 Btu/hr. ft. °F, respectively for both concrete types.
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The bearing pads supporting the girders were assumed to be expansion bearings; i.e., roller at
the exterior supports with a thickness of 4 in. (101.6 mm), while the intermediate supports were
assumed fixed; i.e., pinned, with a smaller thickness of only 1 in. (25.4 mm). The elastomeric
bearing pads were modeled using SOLID185 3D element. The shear modulus was assumed to be
equal to 125 psi (0.86 MPa) within the range recommended in AASHTO LRFD specifications,
corresponding to 50 nominal hardness (AASHTO 2012).
It is important to note that only half a bridge girder was modeled for estimating the load effect
of self-weight, wearing surface load, and temperature gradient load as shown in Figure 5.1-a taking
advantage of the symmetry of the bridge and load cases about the central vertical plan. Another
FE model of the whole bridge Figure 5.1-b was used for live load cases only since the applied
loads in that case is not necessarily symmetric. Moreover, moments and stresses were calculated
at the middle of the longest span.

(a) model used for temperature loads and dead load components
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(b) cross section of model used for live load

Figure 5.1. 3D FE models used in this study thermal analysis for half girder (𝐿=55 ft (16.7 m),
𝑅=1, 𝑆= 6 ft (1.83 m))
Load Cases
Each bridge model was analyzed in ANSYS for four load cases, namely self-weight, wearing
surface, live load, and temperature gradient. The prestressing effect was calculated separately to
account for the effect of losses.
A density of 150 pcf (23.5 kN/m3) was assumed for both prestressed concrete and cast-in-place
concrete for self-weight effects. The simpler bending moments due to own-weight of girder only,
and deck and haunch that act on the girders while still simply supported, and the resulting stresses,
were estimated separately; i.e., no continuous action was considered in the cases of own-weight of
girder only, and slab and haunch.
The wearing surface dead load, which represents the asphalt overlay, was applied uniformly
over the bridge deck level considering an asphalt density of 145 pcf (22.8 kN/m 3). The thickness
of asphalt overlay was assumed to be 2 in. (50.8 mm) as a minimum specification of compacted
asphalt layer in AASHTO LRFD (AASHTO 2012).
The vertical temperature gradient load shown in Figure 5.2 for Zone 2 from AASHTO LRFD
was applied to the half girder model. The temperatures 𝑇1 and 𝑇2 were 46°F (8°C) and 12°F (11°C), respectively, for Zone 2. The temperature 𝑇3 at the girder’s soffit was taken equal to zero,
and the dimension 𝐴 was taken as 12.0 in. (305 mm) since all bridge girders used are with a depth
greater than 16.0 in. (406 mm).
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The fourth load case considered in the analysis was the vehicular live load. The HL-93 load is
a combination of a design truck weighing 72 kip (320.3 kN) shown in Figure 5.3, in addition to
the design lane load. The tire pressure of the design truck is applied uniformly over the contact
area of the tire, which is taken as 20 in. × 10 in. (508 mm × 254 mm). The design lane load has an
intensity of 0.64 klf (0.86 kN.m), and is uniformly applied in the longitudinal direction over a
width of 10 ft (3.048 m). Two load positions were considered; a single design truck taking into
account the multiple presence factor, and a double vehicular load without considering the multiple
presence factor. The dynamic load allowance (IM) effect was taken into account as 1.33 and
applied to the tire loads. The maximum positive moment at the critical cross-section in the middle
of the two-span continuous bridges was obtained by positioning the design truck in the middle of
the longest span, in addition to a design lane load over the same span, while the other span was not
loaded as shown in Figure 5.4.

Figure 5.2. Positive vertical temperature gradient for concrete and superstructures (AASHTO
2012)
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Figure 5.3. Dimensions of the design truck (AASHTO 2012)

Figure 5.4. 3D FE model with HL-93 uniform load for bridge case; 𝑆=6 ft (1.83 m), 𝐿=55 ft
(16.76 m), 𝑅=1.0
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Finite Element Results
As stated earlier, the finite element models described in the previous section were used to
determine the positive bending moment at the middle of the longest span. This choice for a critical
section was dictated by the fact that the thermally induced moment causes a positive moment that
adds to the moments caused by other gravity loads. The cumulative effect was used for assessing
the serviceability limit state, Service III. At the supports, the cross-section may be subjected to
higher temperature gradient moments as shown in Figure 5.5, however, gravity loads cause either
no moments (e.g. girder self-weight) or negative moments (e.g. live load). The longitudinal normal
stress component, 𝑓𝑥 , was used to estimate the induced bending moments at the critical section.
Figure 5.6 depicts the stress distributions due to the four load cases considered in this study. As is
clear from Figure 5.6, all mid-span sections experience longitudinal normal compression stresses
at the top fibers of the bridges and tensile stresses at the bottom with different stress intensities.
The induced compression stresses due to temperature gradient are the highest among the other load
cases as shown in Figure 5.6-d. This is mainly due to the secondary effect of temperature
variations, also known as restrained curvature effect. The secondary effect can be explained as the
resistance at intermediate supports for girders to hog upwards, which imposes additional reactions
causing compression stress at the top fibers of the deck (Priestley 1978). The stress results indicate
that the temperature gradient can cause high positive moment that may lead to cracking at the
bottom of the bridge girders.
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Deformation with released support
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Figure 5.5. Analysis for calculating restraint moment due to temperature gradient (adapted
from Priestley (1984))
The moment components due to gravity loads were estimated by integrating the normal stress,
𝑓𝑥 , over the bridge cross section. A working plane is defined at the critical mid-span section for
this purpose. The restraint moments were calculated by integrating the induced stresses:

𝑀𝑧 = ∫𝐴

𝑐𝑜𝑚𝑝

𝑓𝑥 . 𝑦 𝑑𝐴 + 𝑦̅𝑐𝑜𝑚𝑝 ∫𝐴

𝑐𝑜𝑚𝑝

𝑓𝑥 𝑑𝐴

(5-2)

in which 𝑓𝑥 is normal stress in the longitudinal direction, 𝐴𝑐𝑜𝑚𝑝 is composite cross section area, 𝑦
is the 𝑦-coordinate of each element with respect to the origin, and 𝑦̅𝑐𝑜𝑚𝑝 is the vertical distance
from the origin to the centroid of the composite section. It is important to note that in determining
the restraint moment, the integration was performed with respect to an arbitrary datum; hence the
second term in Equation (5-2). Since only half the girder was modeled for wearing surface, and
temperature gradient load cases, the estimated moments from the finite element analyses were
doubled. Table 5.2 lists the estimated moment components due to girder self-weight , 𝑀𝐺 , selfweight of deck and haunch, 𝑀𝐷&𝐻 , wearing surface, 𝑀𝑊𝑆 , vehicular load, 𝑀𝐿𝐿 , and temperature
gradient, 𝑀𝑇𝐺 , for a sample group of bridges designed with 6 ft (1.83 m) girder spacing.
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(a) self-weight

(b) wearing surface

(c) HL-93

(d) temperature gradient

Figure 5.6.Finite element results for the four load cases (𝐿=55 ft (16.76 m), 𝑆= 6 ft (1.83 m),
and 𝑅= 1.0) (1 psi = 6894.76 Pa)
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Table 5.2. Estimated moments for the first group; corresponding to S=6 ft (1.83 m)
Moment (kip.ft)*
Bridge case

𝑴𝑮

𝑴𝑫&𝑯

𝑴𝑾𝑺

𝑴𝑳𝑳

𝑴𝑻𝑮

1

208.3

226.6

27.2

447.9

510.1

2

341.5

371.5

44.1

593.6

515.0

3

898.1

701.2

81.3

858.0

675.6

4

266.4

289.8

38.8

490.8

511.1

5

544.6

592.3

77.4

737.2

517.6

6

1131.3

974.7

119.7

999.3

794.0

7

361.8

393.5

54.7

577.8

511.4

8

996.7

778.2

105.7

867.4

673.1

9

1174.2

1011.7

130.3

994.7

791.1

10

341.5

371.5

50.4

567.3

513.1

11

860.1

671.5

89.4

808.6

673.5

12

1400.6

1206.8

150.6

1113.7

795.5

13

448.5

487.8

67.2

643.3

513.9

14

1400.6

1206.8

154.5

1101.3

793.4

* 1 kip.ft = 1.36 kN.m.
Stress Calculation
As stated earlier, the main focus of this study is to calibrate the temperature gradient load factor,
𝛾𝑇𝐺 , for Service III limit state to meet the tensile stress criterion in prestressed concrete girders
with the objective of crack control. A stress limit state function will first be established, in which
failure is considered to happen if the tensile stress at tension face of uncracked prestressed concrete
beam designed for Service III factored load combination (see Equation (5-1)) exceeds the tensile
stress capacity of concrete. Bottom fiber stresses due to self-weight of girder only 𝜎𝐺 , deck and
haunch 𝜎𝐷&𝐻 , wearing surface 𝜎𝑊𝑆 , live load 𝜎𝐿𝐿 , temperature gradient 𝜎𝑇𝐺 , and prestressing effect
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𝜎𝑃𝑆 were calculated using the moments extracted from the FE models and the appropriate crosssectional properties. Prestressing losses due to steel relaxation and elastic shortening are calculated
using AASHTO LRFD. All designs were finalized using 0.6 in. (15.24 mm) Grade 270 low
relaxation prestressing strands with an initial jacking stress equal to 0.75 of the ultimate stress. The
stresses for the same bridge group with 𝑆 =6 ft (1.83 m) are tabulated in Table 5.3.

Table 5.3. Stress Calculations for the first bridge group, 𝑆=6 ft (1.83 m). (ksi)
Bridge Case

𝝈𝑮

𝝈𝑫&𝑯

𝝈𝑾𝑺

𝝈𝑳𝑳

𝝈𝑻𝑮

𝝈𝒑𝒔

1

-0.404

-0.439

-0.031

-0.518

-0.590

1.30

2

-0.662

-0.720

-0.051

-0.687

-0.595

2.00

3

-1.022

-0.798

-0.060

-0.641

-0.504

2.36

4

-0.516

-0.562

-0.044

-0.567

-0.591

1.59

5

-1.056

-1.149

-0.089

-0.853

-0.598

3.00

6

-0.722

-0.622

-0.063

-0.531

-0.422

1.76

7

-0.702

-0.763

-0.063

-0.668

-0.591

2.07

8

-1.134

-0.885

-0.079

-0.648

-0.502

2.58

9

-0.749

-0.645

-0.069

-0.530

-0.421

1.81

10

-0.662

-0.720

-0.058

-0.656

-0.593

1.98

11

-0.978

-0.764

-0.066

-0.604

-0.503

2.26

12

-0.893

-0.770

-0.080

-0.592

-0.423

2.14

13

-0.870

-0.946

-0.077

-0.744

-0.594

2.50

14

-0.893

-0.770

-0.082

-0.586

-0.422

2.14

* 1 ksi = 6.89 MPa.
Statistical Properties of Load and Resistance.
In structural reliability, the random variables represented in a limit state function have to be
described statistically. In this section, the statistical parameters, bias 𝜆, coefficient of variation 𝐶𝑉,
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and distribution type for each of the random variables will be presented. The bias factor is the ratio
between the mean and nominal values for a random variable, and the coefficient of variation 𝐶𝑉
is a measure of the scatter of a random variable and is equal to the standard deviation divided by
the mean value.
5.7.1 Load Model
The bias, 𝜆, coefficient of variation, 𝐶𝑉, and distribution type, were determined for the vertical
temperature gradient load in Chapter 4. The corresponding values for other loads were obtained
from published literature. They are summarized in the next few sections.
5.7.1.1 Vertical Temperature Gradient Load Case
Temperature data over a period of five years that were collected through LTRC Project 12-1ST
and 08-1ST (Okeil 2014; Okeil et al. 2011) were used to determine the statistical characteristics of
the temperature gradient load. The positive vertical temperature gradient is represented by a
maximum positive daily temperature difference continuous random variable. The best-fit
probability distribution function for maximum positive daily temperature difference was found to
be a Beta distribution type based on Chi-square test, as shown in Figure 5.7.
Calibration of temperature load factor requires extrapolating the load for the design life of the
structure, which is taken as 75 years in AASHTO LRFD. Therefore, Extreme Value Theory was
used to extrapolate the 5-year maximum positive daily temperature data to 75-year return period.
Peak over threshold method was used to define the sample of largest extremes. Different threshold
values were used to balance the variance and bias. In this study, extreme value samples
corresponding to thresholds of 30.07°F, which corresponds to the top 5% (Eamon et al. 2016), and

132

28.65°F, which corresponds to the top 10% (Ferreira et al. 2003), were used for extrapolation the
extreme value samples.

Figure 5.7. Histogram and Beta density function for maximum positive daily temperature
difference
Based on maximum likelihood method, the shape parameter corresponding to the top 5%
extreme value sample was found almost zero, indicating that the probability distribution function
for the top 5% sample was considered as Gumbel (Type I) distribution, and the corresponding
location parameter was 31.01°F (17.23°C). The top 10% sample also has a small shape parameter
of 0.163, which was approximated to zero as well, with a lower location parameter of 29.70°F
(16.50°C) as shown in Figure 5.8. The extrapolated mean maximum value for the top 5% largest
extreme value over 75-year return period was found to be 37.46°F (20.80°C) with a standard
deviation of 1.08°F (0.60°C). The corresponding values for the top 10% sample were 37.68°F
(20.93°C) for the mean with a slightly higher standard deviation of 1.23°F (0.68°C). Figure 5.8
shows the probability distributions for the extreme value samples and their extrapolation for 75year return period.
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Based on the available temperature data from John James Audubon Bridge, the extrapolated
mean value of maximum positive daily temperature, which occurs at the top of bridge deck, is
found to be less than the value specified for AASHTO LRFD Zone 2; i.e., 46°F (25.56°C).
Therefore, the mean of the extrapolated results implies that the bias is 0.814 and the coefficient of
variation is 0.028% for the top 5% sample. The corresponding values for the top 10% sample are
slightly different; 𝜆= 0.819 and 𝐶𝑉= 0.032%.

Figure 5.8. Gumbel probability distribution for extreme value of maximum positive daily
temperature difference for top 5% and 10% POT samples and 75-year extrapolated curves
5.7.1.2 Other Load Cases
The statistical characteristics for other loads as random variables considered in this study were
obtained from the published literature. The bias and coefficient of variation for the self-weight of
prestressed concrete girder are taken 𝜆𝐷𝐶,𝐺 = 1.03 and 𝐶𝑉𝐷𝐶,𝐺 =0.08, respectively. A slightly higher
bias factor and coefficient of variation were obtained for self-weight of cast-in-place concrete deck
and haunch, which are 𝜆𝐷𝐶,𝑆&𝐻 = 1.05 and 𝐶𝑉𝐷𝐶,𝑆&𝐻 =0.10, respectively. The corresponding values
for wearing surface were taken bias factor of 𝜆𝐷𝐶,𝑊 =1.0 and coefficient of variation of
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𝐶𝑉𝐷𝐶,𝑊 =0.25. The probability distribution functions of all dead load components were assumed to
be normally distributed (Ellingwood et al. 1980; Modjeski and Masters et al. 2015; Nowak 1999;
Nowak and Iatsko 2017; Wassef et al. 2014).
The live load statistical characteristics vary based on truck weight, traffic volume ADTT, axle
load, axle configuration, bridge span-length, extrapolated return period, and the considered load
effect; i.e., moment or shear. Statistical characteristics were determined for service limit state
based on data from 32 WIM stations in Modjeski and Masters et al. (2014). The bias factor for live
load moment is obtained for each bridge case based on traffic volume of ADTT=5,000, and 75year return period. An average coefficient of variation of 0.10 is considered for live load moment
in this study. The probability distribution type of live load effect; i.e., bending moment, was taken
to be extreme Type I (Modjeski and Masters et al. 2014). Finally, the variability of the girder
distribution factor is considered in the study. The statistical parameters of girder distribution factor
were investigated for different types of slab on girder bridges in NCHRP Project 12-62 and are
provided in NCHRP Report 592 (BridgeTech et al. 2007). The report recommends a bias factor of
1.109 and coefficient of variation of 0.104 for interior girder moments in precast concrete I or
Bulb-tee girder bridges. The probability distribution function of girder distribution factor was
assumed normal.
TADROS et al. (2003) proposed two procedures for more realistic estimation of prestress losses
including long-term creep, shrinkage and relaxation losses in pretensioned concrete girders. In that
study, seven bridge girders were instrumented for measuring the prestresslosses. The study
presented a detailed comparison between the total losses estimated by the proposed formulas, and
those estimated by current specifications; AASHTO LRFD and PCI Bridge Design Manual, and
compared them to measured losses. The study demonstrated that ratio between estimated and
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measured losses has an average of 1.0 with a standard deviation of 15%. In the current study, the
prestressing force bias in prestressed concrete girder was taken as 1.0. The coefficient of variation
of prestressing force was taken as 0.0255 considering that prestress losses range from 15% to 20%
of the jacking stress. The probability distribution of the tensile strength of prestressing force was
considered lognormal (Modjeski and Masters et al. 2015).

Table 5.4. Statistical properties for variables considered in the study
Variables

Statistical properties
Bias 𝝀

Coefficient of

PDF

Reference

Normal

(Ellingwood et al. 1980;

variation 𝑪𝑽
Dead load-girder

1.03

0.08

Modjeski and Masters et al.
2015; Wassef et al. 2014)
Dead load- deck &

1.05

0.10

Normal

haunch
Wearing surface

(Modjeski and Masters et al.
2015; Wassef et al. 2014)

1.00

0.25

Normal

(Modjeski and Masters et al.
2015; Wassef et al. 2014)

Live load

Varies

0.10

Extreme Type I

(Modjeski and Masters et al.
2014; Wassef et al. 2014)

Temperature gradient

Prestressing tensile

0.814 (Top 5%)

0.028 (Top 5%)

0.819 (Top 10%)

0.032 (Top 10%)

1.0

0.04

Extreme Type I

Lognormal

strength
Girder distribution

(Modjeski and Masters et al.
2015; TADROS et al. 2003)

1.109

0.104

Normal

factor
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(BridgeTech et al. 2007)

5.7.2 Resistance Model
The resistance of structural component, 𝑅, is deemed a random variable in the calibration of
LRFD codes. The sources of uncertainties in resistance model include material properties
parameter, e.g. strength and elastic modulus, fabrication parameter, and professional parameter or
the accuracy of the analytical model. The resistance model can be expressed by:
𝑅 = 𝑅𝑛 . 𝑀. 𝐹. 𝑃

(5-3)

where 𝑅𝑛 is the nominal resistance value, and 𝑀, 𝐹, and 𝑃 are three random variables that represent
the variabilities due to material properties, fabrication error, and professional parameters,
respectively. The bias of concrete compressive strength, 𝜆𝑓𝑐′ was taken equal to 1.11, and the
coefficient of variation, 𝐶𝑉𝑓𝑐′ , was taken equal to 0.11 (Modjeski and Masters et al. 2014; Nowak
et al. 2008), and a lognormal probability distribution was assumed (Modjeski and Masters et al.
2014; Wassef et al. 2014).
Concrete tensile strength, 𝑓𝑐𝑡 , is typically estimated through a conversion model that is a
function of its compressive strength, 𝑓𝑐′ . Most design codes provide an expression for estimating
concrete tensile strength in the form of a constant multiplied by 𝑓𝑐′ raised to a certain power;
(𝑓𝑐′ )𝑝𝑜𝑤𝑒𝑟 . The power term varies by model. For example, it is equal to 0.50 in ACI 318. In a study
by Oluokun (1991), 566 data points were collected from tension test results, and the accuracy of
different formulas for estimating concrete tensile strength was investigated. The study revealed
that the expression of 1.38(𝑓𝑐′ )0.69 is the more accurate representation than other formulas
typically used in design for predicting the concrete tensile strength over a wide range of concrete
compressive strengths. The professional parameter that represents the accuracy of estimating the
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tensile strength from the concrete compressive strength was obtained from the literature. Okeil
(2006) used the data from Oluokun (1991) to estimate the statistical properties of the professional
parameter for concrete tensile strength using Monte Carlo simulation. The bias of professional
parameter, 𝑃, for estimating the tensile strength of prestressed concrete elements from its
compressive strength was found to be 1.0 and the standard deviation was 0.44 MPa (64 psi) (Okeil
2006).
As stated earlier, the limit state function reflects the failure at the stress level rather than at the
member capacity level. Hence, the uncertainties associated with fabrication of the cross section
will be considered on the demand side since it is involved in the calculation of the stresses due to
applied loads. For that purpose, a random variable reflecting the uncertainties associated with the
calculation of the section modulus will be introduced. The variability of section modulus was
estimated based on statistical properties of vertical and horizontal dimensions of prestressed
concrete sections. Both biases for vertical and horizontal dimensions were taken 1.0, while the
coefficient of variation was considered 0.04 and 0.025 for horizontal and vertical dimensions,
respectively (Naaman and Siriaksorn 1982; Siriaksorn and Naaman 1980). A normal distribution
is assumed as the probability density function of the section modulus in this study.
Calibration of Temperature Gradient Load Factor
On the basis of AASHTO LRFD bridge design specifications, prestressed concrete bridges are
designed for service limit states to maintain functionality and serviceability of the bridge over the
bridge lifespan. The objective of Service III limit state is to control cracking in prestressed concrete
girders and webs of segmental concrete girders. Failure in stress limit states happens when the
tensile stress on the extreme concrete tension fiber due to combination of factored service loads,
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𝜎𝑠𝑒𝑟𝑣𝑖𝑐𝑒 ; i.e., total demands, exceeds the concrete tensile stress limit, 𝜎𝑡𝑢 for uncracked concrete
section; i.e., resistance or capacity. Therefore, the mathematical form of the limit state function,
𝑔(), for stress limit states is expressed as shown in Equation (5-4). In this study, the temperature
gradient load factor was calibrated for Service III limit state in conjunction of live load effects.
𝑔() = 𝜎𝑡u − 𝜎𝑠𝑒𝑟𝑣𝑖𝑐𝑒 𝑙𝑜𝑎𝑑

(5-4)

5.8.1 Concrete Tensile Strength
As stated earlier, the 70 bridges in the design space were designed considering the allowable
tensile stress limit in prestressed concrete at service limit state after losses are considered as 𝑓𝑡,𝑎𝑙𝑙 =
0.0948 √𝑓𝑐′ , corresponding to severe corrosive conditions exposure (AASHTO 2012). Equation
(5-5) is used in this study for more accurate estimation of concrete tensile strength as a function of
𝑓𝑐′ Oluokun (1991) in psi units.
𝑓𝑐𝑡 = 1.38 (𝑓𝑐′ )0.69

(psi)

(5-5)

5.8.2 Limit State Function
Introducing all the random variables discussed earlier in the stress limit state function that
describes the boundary between acceptable and unacceptable structural performance for
prestressing concrete girders based on the requirements of Service III limit state yields the
following formula:
1

𝑔() = 𝛼𝑃 (1.38 (𝑓𝑐′ )0.69 ) − 𝛼 (𝜎𝐺 + 𝜎𝐷+𝐻 + 𝜎𝐷𝑊 +
2
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𝜎𝐿𝐿
𝛼1

+ 𝜎𝑇𝐺 − 𝜎𝑃𝑆 )

(5-6)

where 𝛼𝑃 is the professional factor random variable, and 𝜎𝐺 , 𝜎𝐷+𝐻 , and 𝜎𝐷𝑊 are the tensile stresses
due to girder, deck and haunch, and wearing surface dead load, respectively. 𝜎𝐿𝐿 is the tensile
stress due to multilane live load including the impact effect, and 𝛼1 is an additional random
variable that represents girder distribution factor variability. The uncertainties in tensile stress due
to design temperature gradient is represented by 𝜎𝑇𝐺 . 𝜎𝑃𝑆 is the stress due to prestressing, in which
the negative sign reflects the fact that the prestressing effect acts in an opposite direction to the
effect of gravity and temperature loads; i.e., compression. Finally, the random variable, 𝛼2 , is
introduced to represent the section modulus uncertainties ; i.e., the variability of vertical and
horizontal girder dimensions.
5.8.3 Reliability Analysis
The First-Order Reliability Method, FORM, is used to estimate the reliability index, 𝛽, for each
bridge case in the design space. The probability distribution function for each random variable was
taken into consideration in the reliability analysis following Rackwitz-Fiessler procedure
(Rackwitz and Fiessler 1978). Non-normal random variables were substituted with equivalent
normal random variables determined at the design point 𝑥 ∗ on the failure surface represented by
the limit state function 𝑔(). Finding the equivalent normal random variable was achieved by setting
the cumulative distribution function and probability distribution function for the original random
variable, 𝐹𝑋 and 𝑓𝑋 , and the standard form of the normal distribution to be equal at the design point
𝑥 ∗ given by:

𝐹𝑋 (𝑥 ∗ ) = Փ(

1

𝑒
𝑥 ∗ −𝜇𝑋
𝑒
𝜎𝑋

𝑓𝑋 (𝑥 ∗ ) = 𝜎𝑒 𝜙(
𝑋

)

𝑒
𝑥 ∗ −𝜇𝑋
𝑒
𝜎𝑋

(5-7)

)

(5-8)
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Solving Equations 5-7 and 5-8, 𝜇𝑋𝑒 and 𝜎𝑋𝑒 , the mean and standard deviation of the equivalent
normally distributed random variable can be determined:
𝜇𝑋𝑒 = 𝑥 ∗ − 𝜎𝑋𝑒 [Փ−1 (𝐹𝑋 (𝑥 ∗ ))]

(5-9)

1
𝜙[Փ−1 (𝐹𝑋 (𝑥 ∗ ))]
∗)
(𝑥
𝑋

(5-10)

𝜎𝑋𝑒 = 𝑓

The advantage of this method is that it is more accurate in determining the shortest distance
from the origin to nonlinear failure surfaces since it iteratively converges to the design point 𝑥 ∗ ,
which is used in determining 𝛽 instead of approximately using mean value of the variables (Nowak
and Collins 2000).
To help in the selection of an appropriate load factor for vertical temperature gradient loads,
𝛾𝑇𝐺 , a wide range of values was considered in this study ranging from 0.10 to 1.50 in 0.10
increments. The reliability index, 𝛽, for each of the 70 bridges was calculated corresponding to
each of the assumed temperature load factors after adjusting the design for the considered 𝛾𝑇𝐺
value. Results showed that the bias and coefficient of variation for temperature gradient changed
from 𝜆 𝑇𝐺 =0.814 and 𝐶𝑉𝑇𝐺 =0.028 to 𝜆 𝑇𝐺 =0.819 and 𝐶𝑉𝑇𝐺 =0.032 for the top 5% and top 10%
samples, respectively, was deemed to have an insignificant effect on the resulting 𝛽 values. The
maximum difference in 𝛽 was found to be about 4%. Accordingly, the results presented in the next
section are for the extreme value sample of top 5% of maximum positive daily temperature.
Figure 5.9 shows the reliability index values resulted from different load factors for all
considered bridges. As expected, the shown 𝛽 values highly vary with load factors, from 𝛽=-3.0
to 𝛽 of almost 3.1. For a load factor 𝛾𝑇𝐺 = 0.50, as specified in AASHTO LRFD provisions in case
of considering the live load, 𝛽 is found to range from -1.71 to 0.0. In other words, some bridges
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are estimated to have a probability of failure; i.e., exceeding the service limit state’s criterion, by
more than 95%. Such results indicate a higher risk of cracking for existing and new bridges than
is usually desired.
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Figure 5.9. Reliability indices for different temperature load factor
5.8.4 Target Reliability Index
Calibrating load factors is typically done based on a target reliability index, 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 , to ensure
a uniform margin of safety level in the design of the structure. Current strength limit state
provisions in AASHTO LRFD are calibrated based on 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 of 3.50. However, calibrating load
factors for service limit states is not a straightforward task. Wassef et al. (2014) proposed values
of 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 based on reliability results for existing and simulated bridges for decompression, tensile
stress in prestressed concrete beams, and crack width limit states considering severe and moderate
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environmental conditions. For stress limit state in prestressed concrete girders, the study proposed
𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =1.25 and 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =1.50 for normal and severe environmental conditions, respectively.
In this study, load factors were calibrated for five safety levels; 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =0.50, 0.75, 1.00, 1.25,
and 1.50. For each bridge case in the design space, and based on the 15 reliability indices for the
15 assumed 𝛾𝑇𝐺 load factors, an optimum 𝛾𝑇𝐺 was determined by minimizing the difference
between the estimated reliability indices and each of the assumed target reliability indices;
(𝛽𝑖 − 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 )2 .
Figure 5.10 clarifies the optimization process for the three predefined 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 values
considering one of the bridge cases with span lengths of 55 ft (16.76 m), span-length ration of 1.0,
and a 6 ft (1.83 m) girder spacing. Results showed that by increasing the target reliability index,
the plot is shifted to the right; i.e., higher 𝛾𝑇𝐺 , due to increasing the bridge safety level as a result
of using a higher load factor. From Figure 5.10, the optimum 𝛾𝑇𝐺 to achieve 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 of 0.50, 0.75,
1.00, 1.25, and 1.50 for that bridge are determined to be 0.68, 0.75, 0.83, 0.90, and 0.98,
respectively.
Figure 5.11 shows the optimum temperature load factor values for the 70 bridge cases in the
design space for the considered 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 values. The highest load factor was captured for bridge
Case 5, 𝛾𝑇𝐺 =1.20, 1.31, 1.42, 1.52, and 1.63 for 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 = 0.50, 0.75, 1.00, 1.25, and 1.50,
respectively, even though its span length is not the largest. This is attributed to the girder type that
was selected from the design tables as AASHTO Type III which is close to the maximum span
length limit for its usability, 𝐿=88 ft (26.8 m) and 𝑆=6 ft (1.83 m). Conversely, for the same bridge
attributes except for having a larger girder spacing, AASHTO girder Type IV was selected, which
resulted in lower temperature gradient load factors. This finding implies that the load factor is
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affected by the geometric properties of the bridge girders since girder type affects the design for
prestressing reinforcement.

Figure 5.10. Calibration of 𝛾𝑇𝐺 for different 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 (𝐿=55 ft (16.76 m), 𝑅=1.0, 𝑆=6 ft (1.83
m))
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Figure 5.11. Calibrated 𝛾𝑇𝐺 at different 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 values
Analysis of Calibration Results
The parameters influencing 𝛾𝑇𝐺 will be investigated in this section based on the calibration
results of temperature load factors for 70 continuous prestressed concrete bridges. To study the
effect of girder spacing, Figure 5.12-a shows a plot of the calibrated temperature gradient load
factors corresponding to 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =1.50, for 25 bridge cases designed with the same girder cross
section; AASHTO Type III girders, for different girder spacings. The calibrated load factors show
an increasing trend with increasing girder spacing. However, the span-length ratio appears to have
an insignificant effect on the temperature gradient load factor. Figure 5.12-b shows a plot of the
optimum 𝛾𝑇𝐺 values for bridges that have different span lengths but similar girder spacing and
designed with the same girder cross section for four groups in the design space; 𝑆=6 ft (1.83 m),
𝑆=7 ft (2.13 m), 𝑆=9 ft (2.74 m), and 𝑆=10 ft (3 m). It can be seen that temperature gradient load
factor increases with the increase of bridge span length while other parameters remain constant.
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Figure 5.12. Effect of a) girder spacing, and b) span length on calibrated temperature load
factor (𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =1.5)
As shown in Figure 5.11, the range of the calibrated load factor varies for each target reliability
index and throughout the bridge design space. However, it can be said that the observed differences
fall within a band of values (~0.68 to ~1.65). More specifically, for 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =0.50, 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =0.75,
𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =1.00, 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =1.25, and 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =1.50, the calibrated temperature gradient load factor
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ranges from 𝛾𝑇𝐺 =0.75 to 1.24, 𝛾𝑇𝐺 =0.75 to 1.33, 𝛾𝑇𝐺 =0.82 to 1.43, 𝛾𝑇𝐺 =0.90 to 1.54, and 𝛾𝑇𝐺 =0.98
to 0.65, respectively.
These ranges of 𝛾𝑇𝐺 are considered wide, and complicate the selection of a single value even
for an agreed upon single 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 value. Selecting one load factor for adoption in design codes
requires agreement by stakeholders. Using an upper bound values would be penalizing to a large
percentage of the bridges in the design space, which is deemed unnecessary. This is especially true
for a service limit state with no catastrophic failure consequences. Therefore, it is proposed that a
load factor that corresponds to achieving the target reliability index for more than two-third of the
design-space bridges be adopted. To achieve this acceptable 𝛾𝑇𝐺 value, the mean and standard
deviation of the calibrated 𝛾𝑇𝐺 values for the entire design space will be used. For example, the
mean value of load factors that were calibrated for 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =1.0 is 𝜇𝛾𝑇𝐺 =1.18 and the corresponding
standard deviation, 𝜎𝛾𝑇𝐺 , is 0.14. This leads to a recommended temperature load factor of 𝛾𝑇𝐺 =1.20
corresponding to probability of occurrence of 67 %. Table 5.5 lists the maximum, minimum, mean,
and proposed temperature gradient load factors for each 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 .
To test the proposed recommendation, reliability analyses of the bridges were conducted
assuming they were designed using the proposed 𝛾𝑇𝐺 values over a wide range of bridges. Figure
5.13 shows the results of the estimated 𝛽 values for the three recommended temperature load
factors listed in Table 5.5 in addition to that specified in AASHTO LRFD code. Results show that
considering a 𝛾𝑇𝐺 =0.50 as recommended by AASHTO LRFD BDS in the design leads to a higher
risk of cracking of the prestressed concrete girders. However, based on the recommended load
factors, most bridge cases resulted in reliability index between 1.0 and 2.0.
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The calibrated load factors may be higher than expected. This may be attributed to the fact that
the bridges in the design space were designed for an allowable tensile stress of 0.0948√𝑓𝑐′
corresponding to severe corrosion conditions. Furthermore, the bridges were designed using live
load factor equal to 0.8 as specified in AASHTO LRFD. Considering a live load factor of 1.0 as
proposed in (Wassef et al. 2014) in designing the bridges for service limit states will result in
higher 𝛽 values and consequently lower temperature load factors. The higher 𝛾𝑇𝐺 values also
reflect the fact that the assumption of extreme live load and vertical temperature gradient effects
events at the same time. Lower load factors are expected if analytical methods for considering load
combination of extreme load effects such as Turkstra’s rule, Ferry-Borges model, and Wen’s load
coincidence method (Ghosn et al. 2003). However, this factor may not be as influencing as is the
case for other extreme load combinations, e.g. earthquake loads and live loads, since the likelihood
of simultaneous occurrence of extreme live load and temperature gradient, which lasts for extended
periods of time, is higher than that for extreme live load and earthquake events.

Table 5.5. Calibrated temperature gradient load factors for different 𝛽𝑡𝑎𝑟𝑔𝑒𝑡
Temperature load factor 𝜸𝑻𝑮

Target reliability
index

Maximum

Minimum

Mean

Proposed

𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =0.50

0.68

1.24

0.99

1.0

𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =0.75

0.75

1.33

1.08

1.1

𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =1.00

0.82

1.43

1.18

1.2

𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =1.25

0.90

1.54

1.28

1.3

𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =1.50

0.98

1.65

1.37

1.4
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Figure 5.13. Reliability indices for recommended 𝛾𝑇𝐺
Conclusion and Recommendation
The main contribution of this study is the calibration of the temperature gradient load factor for
Service III limit state considering the tensile stress in prestrssed concrete girders. A design space
including 70 bridge cases with different bridge attributes was first established. Bridges were
designed for severe environmental exposure condition. Three-dimensional finite element analyses
were conducted to determine the developed stresses at mid-span section for different load cases
separately. The load cases involved in this study were dead load components; i.e., girder only,
deck and haunch, and wearing surface, live load plus impact, vertical temperature gradient, and
prestressing effect. The First-order reliability method, FORM, was used to determine the reliability
index for each bridge considering different temperature load factors ranging from 0.1 to 1.5 in 0.10
increment. The temperature gradient load factor was then calibrated considering five target
reliability indices 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =0.50, 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =0.75, 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =1.0, 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =1.25, and 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =1.50. Based
on the presented results, the following conclusions may be drawn:
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Results of calibration of temperature gradient load factors showed that increasing either
the spacing between girders or the span length resulted in higher temperature gradient
load factor. However, the span-length ratio has insignificant effect on calibration of
temperature gradient load factor.



The temperature gradient load factors considered in this study resulted in a wide range
of reliability index values from -3.00 to -3.10, confirming the importance of inclusion
of a proper temperature gradient in design for serviceability to mitigate the risk of
cracking.



Using a temperature gradient load factor, 𝛾𝑇𝐺 , equal to 0.50, as specified in AASHTO
LRFD code, resulted in low reliability index values ranging from -1.71 to 0.0, which is
below the target values for service limit states that were recently established in NCHRP
Project 12-83 findings.



A temperature gradient load factor equal to 1.0 is recommended considering a target
reliability index of 0.50. For higher reliability indices, higher temperature gradient load
factors are recommended; 𝛾𝑇𝐺 =1.10 for 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =0.75, 𝛾𝑇𝐺 =1.20 for 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =1.00,
𝛾𝑇𝐺 =1.30 for 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =1.25, and 𝛾𝑇𝐺 =1.40 for 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =1.50.
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CHAPTER 6. SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS
Summary
This dissertation consists of four major investigations of the behavior of prestressed
concrete slab-on-girder bridges under thermal variations. First, a simplified method for the
assessment of thermally induced secondary moments caused by vertical temperature gradients
is developed. Second, the effect of transverse thermal gradients is numerically investigated.
Third, the statistical properties of vertical temperature gradients are quantified using field data.
Finally, the vertical thermal gradient load factor is calibrated using the field-established
statistics in the third study.
A parametric study was conducted to investigate the parameters, which can influence the
calculation of the design thermal restraint moment due to vertical temperature gradients. A
total of 115 bridge cases with different bridge configuration attributes; spam length, spanlength ratio, spacing between girders, and girder type was designed. Three-dimensional (3D)
finite element (FE) analyses were developed to estimate the thermally induced secondary
moments. Simplified formulas to estimate the thermally induced restraint moment were
derived and compared to 3D FE results. The proposed formulas were then validated using field
results from a monitored segment of the John James Audubon Bridge #2 and also for different
AASHTO vertical gradients.
Transient heat transfer analyses are performed for one of the segments of John James
Audubon Bridge #2 using TAITherm software to obtain the global temperature distribution for
the bridge and to investigate the effect of transverse temperature gradient on its behavior. The
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transient heat transfer analyses was performed for two different days; July 21st, 2009 and
December 21st, 2009 to represents weather conditions in the summer and winter seasons. The
validated temperature distributions are used to study the effects of thermal variation on bridge
components. Bridge orientation effect on transverse temperature gradient was also investigated
by rotating the bridge to face the maximum exposure of solar radiation.
The probability distribution function of temperature gradient load on prestressed concrete
slab-on-girder bridges has been investigated using temperature data collected over a five-year
period. The field statistical properties of temperature gradient where then extrapolated over the
typical 75-year design life to be used for estimating temperature gradient load factor.
Finally, calibration of the temperature load factor for Service III limit state considering the
tensile stress in prestrssed concrete girders was investigated. A design space of 70 bridge cases
with different bridge attributes was included in the study. The considered load cases were dead
load components, i.e., girder only, deck and haunch, and wearing surface, live load, vertical
temperature gradient, and prestressing effect. A limit state function at the stress level at the
critical section at the middle of the longest span in each configuration was established. The
First-Order Reliability Method, FORM, was then used to determine the reliability index values
for each bridge, which were then used to calibrate the vertical temperature load factor for
assumed target reliability index values that are recommended for service limit states.
Conclusions
Based on the four chapters presented in this study, the following main findings can be
drawn:
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The parametric study showed that the prediction of thermal restraint moment depends on
spacing between girders, geometric properties of the girder. However, span length and spanlength ratio have an insignificant effect on estimating thermally induced secondary moments.
Instead of the AASHTO LRFD bilinear gradients to simplify the calculations, the developed
simplified formulas are based on a simplified equivalent temperature profile that is defined by
two parameters. The proposed simplified formulas were shown to be capable of predicting
thermally induced restraint moment for continuous prestressed concrete bridges due to vertical
temperature gradient with acceptable margin of error, which was found ranging from -1.75%
to 7.5%.
Results from transient-state heat transfer analyses using TAITherm showed that the deck
overhang on the south side of the bridge experienced higher transverse temperature differences
in the winter due to the wider area shaded by the barrier resulting from the higher incidence
angle. Moreover, the girder at the south side experienced positive vertical temperature gradient
during the summer and negative temperature gradient during the winter. Structurally, it is clear
that both vertical and transverse temperature distributions develop additional stresses,
deformations, and moments on bridge deck and girders. Results showed that longitudinal
movements are inevitable, even though the uniform temperature change was minimized.
Bridge orientation angle did not appear to have a significant effect on temperature distributions
for the considered orientations considered. The thermally-induced restraint moment, 𝑀𝑧 , can
reach up to 27% of the moments due to bridge self-weight. The combined effect develops
moment 𝑀𝑦 at exterior girders that is higher than the interior ones, and needs more attention
in bridge design.
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Based on the temperature data obtained from monitoring John James Audubon Bridge
located in solar radiation Zone 2, the probability distribution function of the vertical
temperature gradient, referred to as the maximum positive daily temperature in this study, is
Beta function. The extreme value of the maximum positive daily temperature determined based
on extreme value theory is found following Generalized Extreme Value (GEV) distribution
Type I, or Gumbel distribution. Using the asymptotic theory of statistical extreme, the fieldrecorded data was extrapolated over a 75-year design life for bridges resulting in a Gumbel
probability distribution function for vertical thermal gradient loads. The mean maximum of
maximum daily temperature and the standard deviation were found 37.46°F and 1.08°F,
respectively, corresponding to the top 5% of the original data. The lower threshold, top 10%,
resulted in a lower mean maximum value of 37.68°F, and a higher standard deviation of 1.23°F.
Calibration of temperature load factors showed that the 0.50 load factor specified in
AASHTO LRFD code resulted in very high probability, up to 80%, of failure; i.e., design
criteria are not met for some bridges in the design space. Temperature load factor is affected
by span length, girder spacing, and geometric properties of the main girders, which affects the
prestressing stress. Five temperature load factors are recommended depending on the
considered target reliability indices; 1) 𝛾𝑇𝐺 =1.0 for 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 = 0.50, 2) 𝛾𝑇𝐺 =1.10 for
𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =0.75, 3) 𝛾𝑇𝐺 =1.20 for 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =1.00, 4) 𝛾𝑇𝐺 =1.30 for 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =1.25, and 5) 𝛾𝑇𝐺 =1.40
for 𝛽𝑡𝑎𝑟𝑔𝑒𝑡 =1.50.
Recommendations for Future Research
Based on the findings of this research study, it is recommended that the transverse
temperature gradient profile needs more investigation for other types of bridge girders, e.g.
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box girder bridges. The thermally induced moment due to the sum of transverse temperature
gradients through the web and top and bottom flanges should be investigated. The effect of
bridge skewness on structural behavior of bridges under temperature variations needs further
investigation. Additional shear forces that develop in bearings and restraint moments in girders
need to be quantified.
The statistical characteristics of temperature gradient load can be determined for other zones
using more temperature data from different locations. Temperature gradient load factors need
to be calibrated without considering live load effects to complement the current study for
completeness. Moreover, similar studies are recommended for calibration of temperature
gradient load factor using allowable tensile stress for moderate environmental conditions and
using live load factor of 1.0 as proposed in recent studies that have not yet been adopted in
AASHTO LRFD. Another research point that needs to spot the light on is calibrating the
temperature load factors in case of live load effect is not considered, e.g. at support locations.
Furthermore, calibration of temperature load factors for decompression and crack width limit
states need to be determined to achieve consistent safety level.
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